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ABSTRACT 
 
Nanocrystals are well suited as light-harvesting agents in solar cells because they are 
robust, have tuneable effective band gaps, and are easy to process. The research undertaken here 
is targeted towards advancing the functional understanding of solar cells based upon inorganic 
semiconducting nanocrystals and polymeric semiconductors. Gaining control of the 
photoinduced interfacial charge transfer processes occurring at hybrid inorganic – organic 
semiconductor heterojunctions forms a crucial part of any attempt to optimise the performance 
of devices based on such materials. The research presented here focuses on the identification of 
the key parameters influencing charge transfer at such hybrid interfaces. In particular, the studies 
presented in this thesis reveals how efficient and long-lived charge separation can be achieved in 
these hybrid solar cell architectures and offers design rules for solar conversion devices in 
general. 
In chapter 4, Transient absorption spectroscopy is employed to study the charge 
photogeneration processes in polymer: CdS nanocrystal photoactive layers. The primary aim of 
this work is to investigate the parameters influencing charge transfer in hybrid organic-inorganic 
solar cells using nanocrystals as the electron acceptor and a polymer as the electron donor. 
Optical spectroscopy is used to study the influence of energetic driving force on the efficiency of 
charge separation in hybrid films. The results presented in this chapter show that the yield of 
charge separation is strongly dependent on the driving energy with for example efficient charge 
transfer only being achieved at high driving energies (> ~ 0.5eV). This observation appears 
consistent with the need of a large driving energy to minimize or indeed reduce geminate 
recombination losses. Such behaviour has been previously observed in polymer: fullerene based 
systems but this is first time it has been demonstrated in polymer: inorganic systems. 
Chapter 5, considers the influence of crystallinity of the inorganic semiconductor 
electron acceptor within the hybrid film on the charge separation yield. The results presented in 
this chapter show that the crystallinity of the CdS acceptor plays a crucial role in determining the 
overall yield of charge separation in polymer – CdS films. Specifically, it is found efficient charge 
separation can be achieved at low driving energies (< ~ 0.1eV) when using a more crystalline 
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electron acceptor. This observation is consistent with the larger, more crystalline CdS domains 
encouraging delocalization of the geminate pair state. This study elucidates an important design 
rule for the development of more efficient hybrid solar cells.  
The next two chapters address the development of new inorganic electron acceptor 
materials for hybrid solar cells. A key focus of this chapter is the realization of new inorganic 
electron acceptors as alternatives to the most commonly used cadmium based materials. As such, 
this thesis focuses on alternative Sb2S3 (antimony sulphide) and CuInS2 (copper indium disulfide) 
nanocrystals for use as electron acceptors and light-harvesting materials in hybrid solar cells. The 
hybrid photoactive layers are fabrication using an in-situ approach based on the thermal 
decomposition of single-source metal xanthate precursors in a polymer film. A combination of 
optical, structural and optoelectronic studies have been used to characterize the Sb2S3:polymer 
and CuInS2:polymer photoactive layer and devices. Studies on Sb2S3:polymer system indicates 
that hole transfer plays an important role in the mechanism of charge separation and 
photocurrent generation in such devices. The data presented in chapters 6 and 7 suggest that 
both Sb2S3 and CuInS2 are promising light harvesting and electron acceptor materials in solution 
processes polymer solar cells.  
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photogeneration. At low driving energies (    ) the generation of polarons is facilitated by 
larger CdS crystallites (b).                    151 
Figure5.19:Current-Voltage characteristics for CdS:P3HT:HA (0% (Red trace), 0.1% (yellow 
trace), 0.25% (olive trace), 0.5% (cyan trace), 1% (blue trace), 1.5% (black trace), active layer 
devices (glass/ITO/TiO2/CdS seed layer/ active layer/PEDOT: PSS/ Ag electrode) under 
AM1.5 solar irradiation.                   152 
Figure5.20:Current-Voltage characteristics for CdS:Polymer blend (CdS:P3HT (black trace), 
CdS:PTB7 (violet trace), CdS:MEH-PPV (grey trace), CdS:SiTPT-BT (yellow trace), 
CdS:PCDTBT (orange trace), CdS:IFDTBT (magenta trace)) a) without and b) with n-
hexylamine active layer devices (glass/ITO/TiO2/CdS seed layer/ active layer/PEDOT: PSS/ 
Ag electrode) under AM1.5 solar irradiation.                 153 
 
Figure6.1:Absorption spectra of thin films comprising polystyrene (PS) blended with Sb2S3 
(black curve) and CdS (red curve) after annealing at 160 ºC.                162 
Figure6.2:(a) Transient absorption spectrum of a Sb2S3:P3HT (60:40) film recorded at a time of 
10 µs following laser excitation at 567 nm, pump intensity (~ 21 µJ/cm2), (b)Comparison of 
current–voltage  characteristic curves of hybrid solar cells. The photovoltaic device architecture 
Transient Optical Characterization of Hybrid Polymer: Inorganic Nanocomposite Films 
For Use in Photovoltaic Devices. 
 
 
                                                                                 Neha Bansal  
--------Page 21-------- 
 
used was glass/ITO/TiO2/active layer/PEDOT:PSS/Ag with different active layer: (i) 
Sb2S3:P3HT active layer (black trace), (ii) Sb2S3 interfacial layer/Sb2S3:P3HT, (iii) CdS interfacial 
layer/P3HT, and (iv) CdS interfacial layer/Sb2S3:P3HT.               164 
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films comprising polystyrene (PS) and Sb(S2COEt)3 before (olive curve)and after (red curve) 
annealing at 160 ºC. (b) Raman spectrum of a 60:40 (Sb2S3:P3HT) film.             166 
Figure6.4:shows (a) data obtained from the transient absorption kinetics at the P3HT+ polaron 
peak (980 nm) Sb2S3:P3HT blend following annealing under N2 at different temperature for 
different volume ratio. Excitation was at 567 nm at an energy of 21 ± 2 μJcm-2. (b) displays the 
impact of different composition and annealing temperature on the electrical performance of the 
device. The volume ratios used were 30:70, 40:60, 50:50, 60:40, 70:30. Temperatures used were 
100, 120, 160, 200, and 250 ºC.                  168 
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device.                      170 
Figure6.7:(a) Transient absorption signals (   ) (red squares) at a time delay of 10µs 
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active layer. Devices were prepared in the “inverted” ITO / TiO2 / CdS / Sb2S3:P3HT / 
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Figure10.2:Steady state emission spectra of a) pristine P3HT, and CdS:P3HT blend films both 
without and with (1% wt./vol.) alkylamine (hexylamine, butylamine, sec-butylamine, 
heptylamine, propylamine, isopropylamine, and tert-butylamine).              201 
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Figure10.4:Transient absorption kinetics at the polaron peak for CdS: IFDTBT blends both 
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CHAPTER 1: Introduction 
 
“THE ENERGY PROBLEM” 
 
"I have no doubt that we will be successful in harnessing the sun's energy. If sunbeams were 
weapons of war, we would have had solar energy centuries ago."  
-George Porter 
 
1.1 The Various Sources of Energy 
 
Energy sources can be typically classified into two classes: non-renewable and renewable. 
Non-renewable energy is defined as an energy coming from sources which cannot be re-
generated in a short time, once depleted (e.g. coal, petroleum, diesel, uranium, crude oil). A 
renewable energy is defined as an energy-derived from resources that are generally considered 
naturally regenerative and can be utilized for endless periods (e.g. wave energy, solar energy, 
wind energy, tidal energy, hydropower energy, geothermal energy). Some renewable energy 
sources also have the advantage of producing little or no waste products such as carbon dioxide 
or chemical pollutants, and so have minimal impact on the environment. In comparison, the use 
of most form of non-renewable energy can influence global warming by contributing to the 
emission of greenhouse gases.  
The rapid growth in population, industrialization, and urbanization of mankind continues 
to be of severe concern as it has led to an increase in the energy demand. As a consequence, a 
particular concern world-wide is the potential decrease in availability of non-renewable energy. 
At present, 80% of the energy consumption world-wide is supplied by fossil fuels. According to 
Transient Optical Characterization of Hybrid Polymer: Inorganic Nanocomposite Films 
For Use in Photovoltaic Devices. 
 
 
                                                                                 Neha Bansal  
--------Page 30-------- 
 
current rate of consumption, it has been predicted that natural gas will only last us for another 60 
years, while the supply of oil and coal will also be limited to 40 and 200 years respectively [1]. 
 
 
 
       
 
Figure 1.1: Projections of world energy consumption by the US Energy Information 
Administration [adapted from reference [2]]. 
 
As depicted in Figure 1.1, in 2007 the US Energy Information Administration projected a 
rise in the demand of world energy of 14TW towards 25-30 TW by 2050 and triple by the year 
2100 [2-4]. As shown in Figure 1.2, exploiting renewable energy (such as tidal, wave, wind, 
geothermal, and hydrothermal power etc) to their full potential would still not be sufficient for 
the world’s present requirement as recently estimated by the United Nation’s International Panel 
on Climate Change (IPCC)[5]. Of all renewable energies from natural resources, the sun by itself 
can provide us with 3.8 × 1023 KW from one hour of sunshine and it can meet the energy 
demand for the world consumption per annum ( 1.6 × 10 KW in 2005)[6]. The energy from the 
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sun incident on the earth is about 3 × 1024 J per annum which is 10,000 times more energy than 
that utilised by the world’s population at present. If 0.1% of the earth’s surface were to be 
covered by solar cells with an efficiency of 10%, this could meet our present energy needs [1]. 
The potential of Solar energy was  highlighted by the U.S. Department of Energy who estimated 
that covering 6% of the African Sahara desert with photovoltaic cells using existing technologies 
would be sufficient to meet the worldwide demand for electricity [7].  
 
Figure 1.2: Worldwide use of Renewable Energy[adapted from reference [8]] 
 
1.2 Solar Energy Technologies 
 
Solar energy technologies use the sun’s energy to provide heat, hot water, electricity, and 
even cooling for homes, businesses and industry. There are various technologies that have been 
developed to take advantage of solar energy. These include: 
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1. Solar Thermal Energy: Solar thermal energy converts solar energy into heat. This technique 
is already utilized in many countries to generate hot water.  
2. Biofuels: A second technology used quite extensively in the market is biofuels. This 
technology includes the conversion of solar energy into biomass using crops, or a bio engineered 
algae thus converting energy directly into fuel, as suggested by Michael Briggs [9]. While this 
technology is gaining ground in areas such as motor fuel, it is unlikely to become a large-scale 
electricity generation method due to its inherent competition with agricultural land. Also, it 
cannot be ignored that the nature of biofuels is that they does emit carbon when burned (still 
polluting).  
3. Concentrated solar power (CSP):  In this case, mirrors or lenses are used to concentrate the 
sun’s rays to create heat in order to drive a heat engine (usually a steam turbine). Basically, row of  
reflector concentrates light onto a Stirling engine or pipe containing oil which heats up and 
subsequently drive a generator for electricity production. According to studies conducted by 
Greenpeace International, the European Solar Thermal Electricity Association, and the IEA 
SolarPACES group, a quarter of the world’s energy needs can be supplied by concentrated solar 
power [10]. However, there are some inherent usage limitations of this technology as well, for 
example, CSP is only feasible on a very large scale and thus can only supply electricity to grids.  
4. Photovoltaics (PV): Photovoltaics is a method of generating electricity directly from sunlight 
by using the photovoltaic effect. PV panels are composed of a number of solar cells containing a 
photovoltaic material. This method has the potential to provide power generation for a broad 
range of applications such as remote TV and radio receivers, rural telephone kiosks, data 
acquisition and transmission, security lighting, water pumping and many more. In spite of these 
advantages, for PV to be considered as a competitive challenger to energy derived from fossil-
fuels which is still comparatively cheap, its price per unit energy must be taken into account. 
Currently, one of the issues holding back PV technology is the manufacturing cost. This drives 
the development of low-cost photovoltaic technologies. Despite this drive, it should be noted 
that a global medium term solution must be implemented which will certainly involve a 
combination of renewable generation technologies. 
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 Figure 1.3 compares the prices per kWh of some renewable energy technologies. As can 
be seen, PV technology is currently more expensive than other renewable energies.  
 
Figure 1.3: This chart indicates the range of recent cost estimates for renewable energies. The 
estimates are shown in dollars per installed kilowatts of generating capacity, [adapted from 
reference [11]].  
1.3 Photovoltaics 
 
Photovoltaics translated literally means light-electricity. “Photo” comes from the Greek 
word phos which means light and “volt” derives its name from the Italian scientist Alessandro 
Volta. The ‘photoelectric effect’ [12] was discovered by the French physicist Alexandre Edmond 
Becquerel. He studied the behaviour and the consequent effect of light falling on an electrode 
immersed completely in a conductive liquid. Smith  in 1873 [13] further reported the phenomena 
of photoconductivity. Chapin et al [14], from Bell Laboratories fabricated the first silicon solar 
cell was in 1954, demonstrating an efficiency of 6%. Further research has improved the solar to 
electric power conversion efficiencies to about 19.2% for copper indium gallium diselenide thin 
films [15] and 24.4% for crystalline Si PV cells [16]. Solar cell production has majorly been 
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dominated (up to 85% in 2009) by silicon-based photovoltaic cells [17]. However, the potential 
applications of silicon based solar cells have been limited due to their fragile nature and the 
complex manufacturing process associated with it. They also suffer from other limiting factors, 
the main factor being their high cost (pure silicon wafers are very expensive), thus increasing the 
payback time to several years for companies to achieve profits. 
An alternative approach to reduce the high costs of inorganic solar cells is the 
employment of organic materials. The phenomena of photoconductivity in an organic 
compound was first observed by Pochettino in 1906 [18]. The 1970’s and the 1980’s saw an 
unprecedented growth of research activities in the area of organic small molecule 
semiconductors [19-22]. The first available reports of photovoltaic devices fabricates using 
organic small molecule semiconductors dates back to 1975 although the efficiencies were very 
low at around 0.001% [23]. Polymers had mainly gained prominence and importance as an 
alternative electrical insulator throughout most of the history. As early as 1954, an interest was 
shown in using the electrical properties of polymers, wherein the phenomena of 
photoconductivity  was shown in poly(N-vinyl-carbazole) (PVK) polymers [24]. However, a 
surge in research activities was only observed in the 1970’s after the observation of metallic 
conductivity in polyacetylene with efforts of American scientist, Alan Heeger and Alan 
MacDiarmid from New Zealand in collaboration with the Japanese scientist Hideki Shirakawa. 
This triggered intense research on conjugated polymers[25]. All the three scientists were later 
honoured with the Nobel Prize in Chemistry in 2000 and the revolution in the field of 
semiconductor research [26-28]. During the late 1990’s, highly purified, soluble conjugated 
polymers started becoming available widely and have since been used in a wide variety of 
applications including solar cells, thin film transistors(TFT’s) [29] and LED’s [30, 31]. 
 
1.4 Research Project Intention 
 
As discussed above the increase in energy demand over the last few years, concerns over 
the issue of climate change and the drastic decrease in availability of non-renewable energy have 
focussed research attention on renewable, clean energy sources, of which a promising example is 
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photovoltaics (PV). The market of PV is currently leading due to excellent charge transport 
properties and environmental stability. Along with the fact that the promising power conversion 
efficiencies (   ) of up to 25%, are shown by silicon based solar cells. The main concern about 
this technology has been the manufacturing costs of these cells. As the methods used to purify 
silicon are using high temperature and, low through put manufacturing techniques. As such, 
research into finding alternatives to silicon based solar cells have accelerated over the past few 
years and a possible alternative comes in the form of inorganic thin film devices. In the 
manufacture of these devices, a reduction in cost is possible by reducing the thickness of the 
semiconducting layer. However, a reduction in the efficiency is inevitable due to the limited 
crystalline quality of the thin film and thus, a trade-off between the two has to be achieved. Some 
compounds currently used in inorganic thin film devices include Cu(In,-Ga)Se2 and Cadmium 
Telluride (CdTe). One significant downside to using this technology is the use of very rare 
materials (like indium, gallium, selenium) in their production.  
Due to this state of affairs, researchers have naturally looked at organic materials as 
possible candidates for low cost photovoltaics. The main issue of high cost associated with other 
technologies (e.g. single crystal Si) can be overcome using solution phase techniques, such as ink 
jet printing or various roll to roll techniques which are low-cost and high throughput techniques. 
In addition, organic semiconductors typically have high absorption coefficient thus allowing very 
thin films to be utilized in solar cell devices. Researchers have achieved huge improvements in 
power conversion efficiencies (   ) over the last few years with the current record certified at 
10% [32]. New research has also shown that this figure is soon to be surpassed and promising 
preliminary OPV products have started being produced already.   
A step further in this exciting new area of research is combining the advantages of both 
inorganic and organic materials comes in the form of hybrid organic- inorganic photovoltaic 
devices. Indeed, the use of inorganic electron acceptors provides several advantages over 
polymer fullerene OPV devices, but several important factors have yet to be studied and 
understood for hybrid devices to reach the efficiency of polymer: fullerene devices.  
The research presented in this thesis has been devised to shed some light onto 
fundamental aspects of hybrid organic-inorganic solar cells function, and is a contribution 
toward highly efficient devices that exploit the potentiality of inorganic nanocrystals. Until 
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recently, many issues concerning nanocrystals have remained poorly understood or even non 
studied, for example, charge photogeneration.  
The main targets of this research can be summarized as follows: 
 To better understand the influence of parameters like the driving force energy, 
nanomorphology, or the crystallinity on charge photogeneration. 
 To find an alternative inorganic acceptor which has better light harvesting properties and 
well lower toxicity than CdS. 
 To shed some light on the underlying mechanisms whereby the systematic annealing 
treatment, effect of morphology, or different material loadings improves the power 
conversion efficiency of hybrid solar cells. 
Herein, experiments have been designed to examine in detail these issues, with the aim of 
rationalizing the results and providing a firm background to the progress in this research field. 
The brief overview provided in Chapter 2 serves as an introduction to the concept of hybrid 
organic—inorganic solar cells and the ability to produce high efficiency devices. It is the 
intention of the thesis to give an outline of the state- of- the-art research that is currently being 
used to develop such novel PV devices, with specific focus upon the use of laser-based transient 
optical spectroscopies to this aim. Thus chapter 2 will give the reader a general introduction to 
the solar cell, introduce organic and hybrid solar cells as potential alternatives to current 
inorganic devices, and present some novel research into the processes occurring within such 
devices.  
The following chapters will focus on particular issues related with hybrid organic-inorganic 
solar cells. Chapter 4 and 5 are devoted to the study of charge photogeneration, and the 
nanomorphology of the active layer in hybrid organic-inorganic solar cells. In the following 
Chapter 6, the possibility of implementing new inorganic materials like Sb2S3 in hybrid organic-
inorganic solar cells is studied. Finally, the most efficient polymer: copper indium sulphide (CIS) 
nanocomposite solar cells is reported along with a spectroscopic study (Chapter 7).  
The specific aims of this thesis are laid out in Section 2.8. As they require some supporting 
information prior to their inclusion. 
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CHAPTER 2 
Background and Theory 
 
"I’d put my money on the Sun and Solar Energy, what a source of Power! I hope we don’t have to 
wait until oil and coal run out, before we tackle that." 
-Thomas Edison 
 
 
 
 
This chapter presents an experimental of the theoretical background to organic semiconductors, inorganic 
semiconductors and solar cells, and a literature review on the research questions addressed in this thesis. This 
chapter begins by providing a description of inorganic semiconductors as the basis of all current commercial PV 
devices and continues with a discussion on how organic molecules can exhibit these same properties. From this, the 
working principles of PV devices will be explained. In particular, hybrid organic-inorganic solar cells are 
introduced as a highly promising, cost-effective approach to the development of power generation devices. Prior to an 
extensive literature review on the uses of inorganic nanostructures in solution-processed solar cells, the key 
parameters influencing the electronic structure of these materials has been examined. So as to inform many future 
discussions, particular attention is paid to recent studies on nanomorphology and charge transfer, and the influence 
of such parameters and processes on solar cell performance. The chapter concludes with an overview of the aims and 
motivation of this thesis.  
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2.1 An Introduction to Photovoltaics 
 
There are two fundamental criteria in making an efficient photovoltaic (PV) device. First, 
the device must be capable of absorbing as much sunlight available as possible in order to 
maximise the number of free charges created. Any energy not absorbed by the device will usually 
be wasted in the form of heat. Second, the device must be capable of conducting this free charge 
to a load where work can be done. In order to drive this charge to flow just one way through the 
circuit, an inherent asymmetry in the device is essential. Semiconductors possess a number of 
interesting properties that make them an interesting choice for the fabrication of PV devices, and 
it is necessary to understand those features. 
 
2.1.1 Generalities on Semiconductors  
 
In a single atom, according to Pauli’s exclusion principle, the distribution of electrons’ 
occurs across quantised energy levels that are eigenvalues of the quantum mechanical 
Schrodinger equation. The probability of finding an electron in a specific location around a 
nucleus is then given by the eigen function that corresponds to these energy levels. The term 
used to refer to both the energy and the spatial distribution associated with each level is the 
‘atomic orbital’ (AO). When two single atoms are put together, a Schrodinger equation describes 
both these atoms at once and the solution to this equation gives rise to new ‘molecular orbitals’. 
The newly occupied orbitals with an energy lower than the one of the individual atoms are called 
‘bonding’ molecular orbitals while those with an energy higher are called ‘anti-bonding’ 
molecular orbitals. As atoms are added, large molecules are formed with electrons occupying 
more of the molecular orbitals. At a certain stage, the molecular orbitals density increases to such 
an extent that the energy levels stop being discrete and appear to be continuous, forming so 
called ‘energy bands’ (Figure 2.1). A typical instance where such a case would occur is in a 
‘crystal’. 
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Figure 2.1: Schematic displaying a simple description of the formation of semiconductors from 
the molecular orbital theory. In a diatomic molecule (far left), two AOs combine to give two 
MOs, one those energy is higher (anti-bonding MO) and one those energy is lower (bonding 
MO) than the constituent AOs. Since both electrons from the constituent AOs can occupy the 
bonding MO, it is energetically favourable to form a molecule. For each additional atom in the 
molecule, a further bonding and anti-bonding MO are added. If this process is continued, the 
orbital’s energies cease to appear discrete and they form bands; the bonding MO band is called 
the valence band, and the anti-bonding MO is called the conduction band. If the bands overlap 
(far right) the crystal is metallic. If there exists a ‘band gap’ between the conduction and valence 
bands then the crystal will either be a semiconductor or an insulator depending on the size of the 
gap. 
 
A semiconducting material as defined by the IUPAC is a material that has a conductivity 
in the range between the ones of metals and insulators and in which the electric charge carrier 
density can be altered by external means[1]. The energy gap of a semiconducting material is 
therefore in a certain range (often arbitrarily defined as in between ~0.5 and 4 eV). There are two 
bands in a semiconducting crystal, the unfilled molecular orbital band called conduction band 
and the filled molecular orbital band called valence band. The energy separation between these 
two bands is referred to as the ‘band gap’. When electrons are subjected to an external source of 
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energy such as heat or light, they can be promoted from the valence band into the conduction 
band. When electrons move to the conduction band, a vast continuum of empty states is 
available for them to drift (under an applied electric field). Similarly, holes (positive charges) in 
the valence band can drift in the opposite direction of the ones of the electrons. The addition of 
a dopant to a semiconductor often alters its intrinsic properties permanently. This is due to the 
fact that the dopant material often creates a free electron or hole in one of the bands which in 
turn increases conductivity. Depending on the number of dopant atoms added, this conductivity 
can be controlled to the extent of making some semiconductor conduct as well as metals. If a 
semiconductor conducts holes more efficiently it is known as a ‘p-type semiconductor’, and if a 
semiconductor is better at conducting electrons it is referred to as an ‘n-type semiconductor’. 
The interface or the boundary created by the n type and the p type semiconductor is known as 
the p-n junction, a type of diode that stops current flowing in one direction [2]. A practical PV 
device can then be easily fabricated due to the inherent asymmetry created by the p-n junction. 
With this in mind, and in view of the fact that the band gap between 0.5 to 4 eV  is equivalent to 
photon wavelengths between 310 nm and 2480 nm thus encompassing the entire solar spectrum. 
An electron is promoted across the semiconductor band gap on absorption of a photon from the 
sun thereby satisfying two basic requirements for solar generated free charge carriers. 
 
2.1.2 Organic Semiconductors 
 
Semiconductors were traditionally thought to be restricted to only inorganic crystals. 
However, a significant breakthrough that led to the Nobel Prize in Chemistry in 2000 [3, 4] was 
to demonstrate that organic materials can also be semiconducting. As there are many 
semiconducting organic materials used in this thesis, it is appropriate to look at where the energy 
gap arises from in this case. To understand the properties of organic semiconductors, 
polyacetylene, one of the simplest conjugated polymer, is taken as an example in order to analyse 
its atomic configuration. Each carbon atom in polyacetylene is connected to a hydrogen atom 
and two other carbon atoms. Due to sp2 hybridization, as predicted by the valence bond theory 
[5], this gives rise to a flat trigonal planar configuration, with a single electron in a ‘p’ orbital still 
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left over.  The electron density of this left over ‘p’ orbital is such that it mixes with the ‘extra’ p 
orbitals that are part of other carbon centres on the polymer backbone. According to molecular 
orbital theory, this leads to the formation of an alternating string of delocalised π molecular 
orbitals, as shown in Figure 2.2. These delocalised molecular orbitals are further split into 
bonding πorbitals that have an energy lower than the one of the p orbitals from which it was 
formed and an antibonding πorbital, known as π* orbital [5] with a higher energy, as given by 
Huckel’s approximation. As each carbon atom contributes an electron, the newly formed π 
orbitals are filled completely, in turn becoming the “HOMO”. The empty π* bonding orbitals 
subsequently form the “LUMO”. As the length of this chain increases, these discrete energy 
levels form energy bands similar to the ones seen in inorganic systems with the difference in 
energy levels (HOMO-LUMO) giving rise to a band gap. If this energy gap is in the range 
mentioned in section 2.1.1, the material will be a semiconductor; once more the size of the band 
gap determines the materials intrinsic semiconducting properties. Huckel’s rules also suggested 
that the band gap of polymer will decrease with increasing conjugation length which causes more 
red-shifted peak absorbance. Indeed, an infinite chain of polyacetylene predicted to behave like a 
one-dimensional metal and have no energy gap. However, in practice, energy gap is always 
present in this case either due to an energetically favourable rearrangement known as Peirels’ 
Distortion, or to a cis/trans isomerisation. Therefore, absorption of a semiconducting polymer is 
tuneable to a certain point. In theory, polymers can be fabricated to provide a good overlap with 
the solar spectrum. However, it is not easy to achieve the perfect overlap of solar spectrum in 
terms of designing perfectly absorbing and conducting polymers for PV devices. This is the 
subject of extensive research- a good review of this field is given in reference [6]. 
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Figure 2.2: Schematic showing conjugation along a polyacetylene chain and how charge can be 
delocalised along the polymer chain. 
It is noteworthy for organic solids that although the necessary conditions for individual 
molecules may be satisfied to called a semiconductor, the charges are confirmed to that 
individual molecule. Therefore, charges must move between molecules in order to take place in 
three-dimensional conduction resulting in anisotropic mobilities which pose significant 
challenges to organic PV researchers [7]. 
 
2.1.3 Inorganic Nanocrystal Semiconductors 
 
As section 2.1.1 explains, the arrangement of atoms with discrete energy levels leads to 
the formation of crystals with their energy levels, arranged in a band pattern, a semiconductor 
band pattern in the case considered here. In an intermediate case, when the SC particles are in 
nanometric size range, they can exhibit physical, electrical and optical properties different to 
those of atoms and bulk lattice structures [8].  
The energy picture of this kind of structure can be visualised a somewhere in between 
the atom and the bulk crystal, and is best described using the exciton formalism. In an exciton, 
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or excited electron-hole pairs, an electron is bound Coulombically to a hole, similar to the 
situation encountered in a hydrogen atom. Thus the picture is the one of an electron orbiting 
around a positively charged nucleus. The most probable distance between the electron and the 
nucleus is called the Bohr radius, and excitons also have a Bohr radius. The particle 
wavefunctions within a bulk lattice are free within the large limits of the lattice dimensions. 
However, as the size decreases (to become comparable to its De Broglie wavefunction) the 
particles are confined to a smaller space thus making the energy levels discrete again [9]. Thus, if 
an exciton is confirmed in a semiconducting particle of a size comparable to that of the exciton 
Bohr radius(<10nm), it is described as being quantum confined [10]. In this quantum 
confinement regime, the energy levels in the valence and conduction bands split and the band 
gap becomes a function of particle size. A. Moule et al. [11] showed that as the size of the particle 
is increased, there is a variation in absorption as it becomes red shifted corresponding to a lower 
band gap. The use of nanocrystals in PV devices can greatly improve the light harvesting ability 
of the cell due to the possibilities of tuning of the material’s photoresponse it opens. 
  
2.1.4 Motivation for the Use of Inorganic Semiconductors in PV Cells 
 
In the field of bulk heterojunction (BHJ) solar cells, there has been considerably less 
focus on finding new electron acceptor materials than on finding new donor polymers. The 
majority of the work involving acceptor materials is currently based on soluble fullerene 
derivatives for a number of reasons. Fullerene derivatives are also effective in facilitating fast, 
efficient electron transfer. However, they also have some limitations, such as limited contribution 
to the light absorption and limited environmental stability. Some of these downfalls can be 
addressed by replacing fullerene with an inorganic semiconductor [12].  
The photogeneration of charge carrier in hybrid solar cells can be achieved via light 
absorption by the inorganic material [13, 14]. The absorption contribution of an inorganic 
acceptor is believed to have more potential than the contribution of light absorption of PCBM in 
OPV devices [15, 16]. In addition, an advantage of using inorganic semiconductors is the 
ultrafast transfer rate (of the order of picoseconds) of photoinduced charge carriers to the 
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organic semiconductors [17]. An efficient charge transfer between the donor and acceptor is 
established as this extremely fast transfer rate is faster than the competing recombination 
mechanisms. Finally, some inorganic semiconductors such as oxides can also be synthesized in 
such a way that well aligned vertical nanostructures can be produced [18]. These novel device 
architectures in turn allow efficient excitonic dissociation and effective electron transporting 
pathways. The above mentioned advantages can be exploited and the solution processability is 
maintained during the device fabrication which allows low cost, high throughput device 
production in addition with the ability to control the shapes and sizes. These advantages 
provided by an inorganic acceptor should theoretically lead to the production of devices with 
efficiencies higher than the ones of traditional polymer fullerene OPV devices. However, this is 
not the case and there are several factors responsible for this discrepancy in theoretical and 
actual values. The work presented in this thesis aims to explore some of these factors.  
 
2.1.5 Characterization of Solar Cell Performance 
 
In essence, a solar cell behaves as a diode with rectifying behaviour and a photosensitive 
current source. Characterization of PV devices is carried out by taking a current density-voltage 
(   ) curve. A schematic of a typical current density-voltage (   ) characteristic is shown in 
Figure 2.3 for a solar cell under illumination (solid red line) and in the dark (dashed black line). 
This diagram shows many of the fundamental characteristics, such as the open-circuit voltage 
(   ), the short-circuit current density (   ), and fill factor (FF). 
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Figure 2.3: A current voltage (  ) curve for a photovoltaic device measured in the dark and under 
illumination. The short-circuit current density and open-circuit voltage are shown, along with 
the point at which the device generates the most power.  
 
There are no photo-generated charges formed in the dark which causes zero current. 
However, non-photogenerated current and the driving forces develops for charge separation 
after voltage being applied across the device. The transport can also be altered by using different 
current densities. Therefore, it is said that at 0V device is shorted and in the dark no current will 
flow. Under illumination, the maximum number of charges are collected when there is no 
resistance present in the external circuit thus giving the short-circuit current (   ). In an 
illuminated device, under open circuit conditions, a potential difference (   ) is built up when 
current flows initially. This potential difference exactly opposes the inherent driving force,  at 
which point there is no overall driving voltage and no current flows. The important parameters 
used in the characterization of solar cell are discussed below: 
1) Power Conversion Efficiency: The power conversion efficiency is illustrated by the 
ratio of the maximum power output to the incident light power. The     can be 
calculated as  
 
Current Density 
    ( mAcm-2) 
 
Open-Circuit Voltage 
Maximum Power Point 
Short-Circuit Current 
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                                     Equation 2-1 
 
where      is maximum power output,     is the incident light intensity,      and      are 
the voltage and current at ‘maximum power point’, and    the fill factor.  
 
The fill factor is defined as the ratio of maximum power output to the product of short-
circuit current density (   ) and open-circuit voltage (   ) and is given by the following equation: 
                                                                   
    
       
                                                                Equation 2-2 
 
2) External Quantum Efficiency: The external quantum efficiency (   ) is defined as 
the ratio of the number of electrons collected in an external circuit to the number of 
incident photons at a certain wavelength. The     is given by the following equation: 
 
                                                     
                   
                
  
        
       
 
 
                                    Equation 2-3 
 
where, 
 h is the Planck constant, 
 c is the speed of light in vacuum,  
 e is the elementary charge of an electron, 
 and λ is the wavelength.  
 
 
It is important to note that the external quantum efficiency shows the losses caused by 
reflection at the surface, and also includes the transmission through the device. To account for 
this, actual number of photons absorbed by the photoactive layer can be calculated, and using 
the external quantum efficiency, one can calculate the internal quantum efficiency (   ). 
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                                      Equation 2-4 
 
where Trans (λ) is the fraction of the transmitted light, and Ref (λ) is the fraction of reflected 
light.  
 
2.2 Basic Working Principle of Excitonic Solar Cells 
 
In solar cells, incident photons are mainly absorbed by the active layer materials (which 
can be polymer: polymer, polymer: fullerene, polymer: inorganic film). Absorption of a photon 
results in the excitation of an electron from the HOMO to the LUMO level, leading to an 
electron-hole pair known as an “exciton”. In order to separate excitons into electrons and holes, 
the exciton needs to diffuse to the interface between donor and acceptor, where it dissociates. 
Following exciton dissociation and charge separation, electrons and holes (free charges) are 
transported to the respective electrodes through their corresponding percolating transport 
pathways [19]. Figure 2.4 shows that there are mainly six steps which can affect the device 
performance:  
(i) Photon absorption (ᶯa) 
(ii) Exciton generation (ᶯex) 
(iii) Exciton diffusion (ᶯdiff) 
(iv) Exciton dissociation (ᶯed) 
(v) Charge transport (ᶯtr) 
(vi)  Charge collection (ᶯcc). 
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The performance of a solar cell can be characterized by the efficiency of these six 
processes and can be linked to the external quantum efficiency (   ) of the device.     has 
been introduced in section 2.1.5 and defined as the ratio of the number of photogenerated 
electrons collected at the electrode under short-circuit condition to the number of incident 
photons on the device [20].     can also be expressed as the product of the above steps (i)-(vi). 
                                                          
Equation 2-5 
 
 
  
 
 
 
 
 
 
 
 
Figure 2.4: Energy level diagram of a polymer – inorganic semiconductor hybrid solar cell with 
six key processes. (LUMO: lowest unoccupied molecular orbital; HOMO: highest occupied 
molecular orbital. hʋ: photon energy). 
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2.2.1 Excitonic Solar Cells 
 
Photogenerated excitons in excitonic solar cells are tightly bound (they are called ‘Frenkel 
exciton’) and unable to dissociate into charges by the energy provided at room temperature due 
to the low dielectric constant of organic materials. Figure 2.5 shows a popular method of device 
fabrication from two or more component which leads to an offset in the donor and acceptor 
materials band gaps. The offset provides an energetically favourable pathway for exciton 
dissociation. An example of an interface between two material and relevant energy levels are 
shown in Figure 2.5. In Figure 2.5, the acceptor is the compound with a larger electron affinity 
(  ) while the donor is the compound with a smaller ionisation potential (  ).  
 
 
 
 
 
 
  
 
 
 
Figure 2.5: Scheme of the electronic states (relative to vacuum) for an organic semiconductor 
heterojunction device. The compound with smaller ionisation potential (  ) is referred to as the 
donor (D; donor of electrons) while the compound with larger electron affinity (  ) is referred to 
as the acceptor (A). In this scheme, an exciton is generated in the acceptor compound and is 
split by an energy difference between HOMOs such that the hole moves into the donor material. 
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Here, in order to separate an exciton into an electron and a hole, it needs to diffuse to 
the interface of the donor and acceptor. However, some excitons not able to reach the interface 
and recombine before, thus are lost for the energy conversion and have no contribution in the 
photogenerated charge. Exciton dissociation at the donor-acceptor interface takes place by 
charge transfer which is energetically favored. Both the HOMO and LUMO offset levels must 
be larger than the exciton binding energy minus the columbic binding energy of the charge-
separated state. However, such a step results in a loss of energy without external work; this 
should be observed as a drop in the potential     available for work; quantitatively, the 
maximum voltage obtainable with such a step corresponds to        . To generate fully 
dissociated charge carriers and the products of exciton dissociation even this drop in energy may 
not be sufficient and often include charge pairs bound across the interface. 
 
2.2.2 Interfacial Charge Transfer States 
 
In recent years, increasing evidence for interfacially bound charge pairs [21-27] has 
shifted focus onto a lot of research activities on the product of this initial charge step. It is not 
surprising that bound pairs can result from photoexcitation, considering the fact that these 
materials have a low dielectric constant and the separation distance of the charges across the 
interface is relatively small in the order of 5-10A°. In different material sets and the physical 
manifestation, the presence of such states have been associated with a lot of names like bound-
radical pair states, exciplexes, geminate pairs and charge transfer excitons. 
The dissociation of CT states is a necessary requirement in the generation of 
photocurrents. If a pair does not dissociate during the lifetime of the CT state, it will undergo 
recombination, often termed as ‘geminate recombination’. The efficient charge transfer at the 
interface is achieved by maintaining  the energy offset (LUMO-LUMO offset) greater than the 
exciton Coulomb binding energy,       (as shown in Figure 2.6). Due to the increased electron-
hole separation distance, the estimation of the magnitude of the Coulombic attraction is lower 
than the singlet exciton (  ) Coulombic attraction.  
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Figure 2.6: The energy of the exciton and CT state depends upon the Coulomb attraction of the 
electron and hole and therefore their spatial separation, as illustrated by the dotted curve. Figure 
also illustrates typical binding energies for the exciton and CT states (      and       
respectively) [Adapted from reference [28]]. 
 
There are two important binding energies that need to be considered: the one for the 
exciton (     ) and the one for CT states (    )  as illustrated in Figure 2.6.  
The binding energy of the exciton        : is defined as the potential energy 
difference between the neutral singlet exciton and the two fully dissociated, structurally relaxed 
charge carriers in the same material.  
The charge transfer state binding energy (    ): is defined as the potential energy 
difference between the thermally relaxed, nearest neighbour charge transfer state at the donor: 
acceptor interface and the two fully dissociated, structurally relaxed charge carriers in the donor 
and acceptor materials.  
The potential importance of charge transfer states in the charge photogeneration 
mechanism is discussed further in section 2.6. In particular, within this theoretical framework the 
dissociation of CT state and subsequently the yield of fully dissociated charges is likely to depend 
on the kinetic competition between the relevant processes. 
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2.3 Elements of Electron Transfer Theory 
 
2.3.1 Marcus Electron Transfer Theory 
 
The semi-classical non-adiabatic Marcus theory of electron transfer put forward originally 
in 1956 [29] has been used generally to rationalize the electron transfer from a donor to an 
acceptor. This theory has successfully applied to the photoinduced charge transfer in conjugate 
polymer blends [30-32]. Marcus theory considers the reactant and product potential energy 
surfaces as two intersecting parabolas (typical case of harmonic oscillators), with the 
displacement coordinate corresponding to the motion of all nuclei in the system as illustrated in 
Figure 2.7. Electron transfer must occur at the intersection point in order to satisfy the Franck-
Condon principle (according to the Franck-Condon principle, the electron transfer should occur 
without any change in the nuclear coordinates). The equilibrium geometries of both the product 
and the reactant states will typically be different. Conservation of energy also applies in such a 
way that the electron transfer must occur at the isoenergetic points on the potential energy 
surfaces of the product and reactant states. For the reaction to proceed from the reactant state, 
the energy and the nuclear coordinate have to be identical for both the product and the reactant 
curve and this also happens at this point. 
Marcus theory was considered classical during its initial formulation and it only took into 
account the activation over the potential energy barrier between the reactant ground state and 
the crossing point,   *. Depending on the extent of vibrational overlap between the initial and 
final states, the idea of tunnelling through the barriers was then introduced by the semi-classical 
Marcus theory. 
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Figure 2.7: Reactant and product potential energy surfaces in (a) non-adiabatic and (b) adiabatic 
Marcus electron transfer. The isoenergetic point represents the free energy and reaction 
coordinate (qC) that the reactants must achieve for reaction to take place.  
 
Using the Fermi golden rule from perturbation theory, the equation for this theory is 
given as follows. 
                                                
       
 
 
       
 
      
        
     
                            Equation 2 - 6 
 
where, λ is the reorganisation energy (energy required by the molecular bonds to 
rearrange themselves to reach qc, the reaction coordinate,) and   * - is the difference in free 
energy of the reactant in its ground state and at qc (see Figure 2.7 (a)). The factor       
  or the 
transfer integral (also denoted by   or  ) represents the electronic coupling between the initial 
and final states. Adiabatic electron transfer has been experienced due to strong electronic 
coupling (where      
  >>λ)  in which the potential energy surfaces split (representing the fact 
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that interaction between the initial and final states causes both to change, Figure 2.7 (b)) and 
energy transfer only occurs on the lower of these resulting potential surfaces. Equation 2.6 is no 
longer valid in this regime. However, nonadiabatic electron transfer has been experienced in 
typical organic donor: acceptor systems where the coupling is considered to be weak, that is, 
     
  << λ, (Figure 2.7 (a)). 
 
2.3.2 Free Energy of Charge Separation 
 
The activation energy for the reaction is depicted by the exponential in the Equation 2.6 
which is a function of the reorganization energy λ and the Gibbs free energy    . The amount 
of energy required for changing the configuration of the reactant to that of its product (without 
changing its electronic state) is called as the reorganisation energy ‘λ’. The reorganisation energy 
‘λ’ is in turn defined in two parts, the ‘inner’ part referring to the geometry of the reactant and 
the ‘outer’ part comprising of the surrounding medium. Figure 2.8 can be used to understand the 
relationship between    and the rate of electron transfer. 
 
 
 
 
 
 
 
Figure 2.8: Marcus electron transfer rate as a function of    
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As seen in equation 2.6, an increase in -   leads to an increase in the electron transfer 
rate. When       , there is no barrier to the transfer and the maximum rate is reached. This 
corresponds to a cancellation of the reorganisation energy term by the standard reaction Gibbs 
energy. In addition,    increases again when the process becomes more exergonic,  leading to a 
decrease in the rate constant once more. This region has been observed exponentially and is 
called as the Marcus inverted region [33]. 
Although this theory was considered to be controversial in its early years, experimental 
proof was first obtained in 1986 [33]. The photoinduced electron transfer observed in 
photosynthetic reaction centres have highlighted the importance of the Marcus inverted region. 
In these processes, the forward steps remain activationless while high activation energies are 
observed in the inverted regions of the reverse steps.  
  , when used to describe the charge generation in solar cells, refers to the amount of 
excess energy in the exciton relative to the charge separated product state. In simple terms,    is 
the driving force for charge separation. The value of    can be obtained by subtracting the 
energy offset between the HOMO (donor) and LUMO (acceptor) from the singlet energy of the 
excited molecule. A considerable amount of work has been done in establishing the effect of    
on charge generation, one such example by Ohkita et al [34] who identified a minimum value of 
   required for charge transfer in polythiophene: PCBM blends [35]. There has also been work 
with other systems like poly-3-hexylthiophene (P3HT) with a range of fullerenes [36] and blends 
of a perylene diimide with a range of polythiophene polymers [37], where no effect of driving 
force was observed on charge generation. 
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2.4 Recent Progress in the Development of Hybrid Organic-Inorganic 
Bulk Heterojunction Photovoltaics 
 
The following section summarizes the research efforts in the use of nanocrystals in 
photovoltaics. The ability of low band gap nanocrystals such as CdTe, PbS, PbSe, CuInS2 and 
CuInSe2, and CdSe to absorb light at longer wavelength makes them promising acceptor 
materials for hybrid photovoltaics. This section holds great promise for efficiency enhancements 
in hybrid solar cells utilising low band gap nanoparticles. Table 2.1 summarizes the selected 
performance parameters of hybrid solar cells based on colloidal NCs and conjugated polymers.  
Nanocrystals 
(Shape) 
Polymer     
(mA/cm2) 
    
(V) 
FF     
 
Year References 
CdS (QD) P3HT 10.9 1.1 0.35 4.1% 2011 [12] 
CdS(NC) P3HT 4.848 0.842 0.532 2.17% 2011 [38] 
CdSe(NR:QD) PCPDTBT 13.86 0.48 0.51 3.64% 2012 [39] 
CdSe (NR) PCPDTBT 12.1 0.63 0.45 3.42% 2012 [14] 
CdSe (NR) P3HT 9.7 0.553 0.494 2.65% 2010 [40] 
CdSe (NR) P3HT 7.23 0.95 0.38 2.6% 2006 [41] 
CdSe (NC) PCPDTBT 9.2 0.78 0.49 3.5% 2012 [42] 
CdSe (TP) PCPDTBT 10.1 0.678 0.51 3.19% 2010 [15] 
CdSe (TP) OC1C10-PPV 6.42 0.76 0.44 2.4% 2005 [43] 
CdSe (QD) PCPDTBT 8.3 0.591 0.56 2.7% 2011 [13] 
CdSe (QD) P3HT 5.8 0.623 0.56 2.0% 2010 [44] 
CdSe (QD) P3HT 6.9 0.55 0.47 1.8% 2009 [45] 
CdSe (QD) P3HT 5.7 0.7 0.4 1.7% 2002 [46] 
ZnO (Domains) P3HT 5.2 0.75 0.52 2.0% 2009 [47] 
CdTe (TP) PSBTBT-NH2 7.23 0.79 0.56 3.2% 2011 [48] 
CdTe (QD) PPV 10.7 0.5 0.4 2.14% 2011 [49] 
CdTe (NR) P30T 3.12 0.714 0.477 1.06% 2005 [50] 
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PbS (NC) MEH-PPV 0.13 1 0.28 0.7% 2005 [51] 
Si (NR) Spiro-
OMeTAD 
30.9 0.57 0.588 10.3% 2011 [52] 
Si (NW) PEDOT:PSS 24.24 0.532 0.651 8.4% 2012 [53] 
Si (QD) P3HT 3.8 0.8 0.47 1.47% 2010 [54] 
 
Table 2.1: Selected performance parameters of hybrid solar cells reported in literature based on 
colloidal NCs and conjugated polymers. QD: Quantum dots, NC: Nanocrystals, NR: Nanorods, 
TP: Tetrapods, NW: Nanowires. 
The current highest power conversion efficiency (   ) for a BHJ is 4.1% [12] 
demonstrated for CdS quantum dots and P3HT nanowires. Ren et al. [12] combined a solvent-
assisted chemical grafting and ligand exchange process when fabricating these high performing 
P3HT:CdS hybrid solar cells. The chemical grafting process involved dissolving the P3HT 
nanowires and CdS separately in different solvents. Ligand exchange, using ethanedithiol was 
performed on the CdS QDs. This led to a decrease in the CdS inter-particle distance facilitating 
charge carrier transport. 
In OPV’s, the fullerene typically contributes a small fraction of the overall absorption 
and photocurrent, although recent reports suggest this fraction may be larger than previously 
expected [16]. However, inorganic materials have the potential to  provide enhanced, 
complementary absorption when compared to using fullerene. For example, Dayal et al. [15] 
reported that 34% of the absorption of a PCPDTBT: CdSe system can be attributed to CdSe. 
This confirms that the production of a photocurrent can be attributed to the absorption 
contribution of the inorganic acceptor material, thus having a positive impact on the device     
profile. 
Research into hybrid solar cells based on CdSexTe1-x tetrapods and MEH-PPV also 
produced interesting results wherein a steady decrease in the polymer-nanocrystal device 
conversion efficiency was observed from CdSe (1.1%) to CdTe (0.003%) [55]. This drastic 
reduction could be due to the fact that energy transfer occurs instead of charge transfer from the 
polymer to CdTe nanocrystals in the CdTe: MEH-PPV blend. This results in an insufficient 
generation of free charge carriers [55, 56], thus reducing the    . However, reports have 
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indicated that when the energy level of the nanocrystal matches that of the polymer, CdTe NC’s 
can still be useful for hybrid solar cells. In one such example, efficiency over 1% was reported 
using vertically aligned CdTe nanorods combined with poly(3-octylthiophene) (P3OT) [50]. 
The band gap of nanocrystals can further be lowered by using the semiconductors PbS 
or PbSe to harvest more photons in the near infrared region. A novel synthetic route was 
developed by Watt et al. where ligand free PbS NC’s were synthesised into the conjugated 
polymer matrix (MEH-PPV) using an ‘in situ’ synthesis approach to improve the performance of 
hybrid solar cells [51, 57]. This approach constitutes an interesting way to overcome the problem 
of finding a common solvent during the processing of hybrid solar cells. The principle of this 
approach is based on the dissolution of the nanocrystals precursor in a solution of the polymer, 
and the growth of the nanoparticles in the polymer template. This strategy has been applied to a 
variety of semiconductor nanocrystals, such TiO2, ZnO, PbS and CdS. 
Watt et al. were also amongst the first ones to carry out a “one pot synthesis” of PbS in 
MEH-PPV with a resultant device showing a     of 1.1% [57]. Another example using a direct 
synthesis of CdS nanorods in P3HT was demonstrated by Liao et al. [58] who achieved      of 
up to 2.9%. Recently, Dowland et al. [38] used in-situ decomposition of a CdS precursor 
(cadmium ethyl xanthate) inside the polymer P3HT matrix at a low decomposition temperatures 
of 160 ºC. These devices show power conversion efficiencies of over 2%. 
Recent research has also focused on ZnO as an appropriate electron acceptor material 
which can also be synthesized in situ in the polymer. In a recent study, ZnO was synthesized 
directly in the polymer matrix and P3HT was used as the donor polymer (for its high hole 
mobility); an impressive efficiency of 2 % was achieved [47]. In this later case, a composite film 
containing 50 wt% ZnO NC’s was used to enhance efficiency. However, some inherent 
disadvantages of ZnO NC’s are its low solubility in solvents frequently used to dissolve 
conjugated polymers and its low contribution towards absorption of light due to its large band 
gap. This leads to the limiting progress in improving the efficiency of ZnO based hybrid solar 
cells [59]. 
Other compounds proven to be successful in fabricating inorganic thin film solar cells 
such as CuInSe2 and CuInS2 also show potential in hybrid solar cells. Early reports from Arici et 
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al. [60] have demonstrated low efficiencies of < 0.1%for CuInS2 based hybrids. However, high 
quality CuInS2 crystals [61, 62] based on the advent of colloidal synthesis methods may improve 
the efficiency of these type of photovoltaic devices. 
Si based nanocrystals have also been utilised in hybrid solar cells as a promising acceptor 
material due to their strong UV absorption, non toxicity and abundance. The other advantage 
silicon has over PCBM, is their high dielectric constant  which  prevents back transfer and aids in 
improving the transport away from the interface [63]. A     of above 1% has been reported 
[64] for blends of Si NCs and P3HT. The method employed to synthesize these Si nanocrystals 
was radio frequency plasma. Tuneable size range between 2-20nm was obtained by changing a 
few important parameters such as radio frequency power, chamber pressure and precursor flow. 
An impressive value for     of 1.47% was obtained under AM 1.5 illumination for devices 
using 50 wt% 3-5 nm in size Si NCs [54]. 
 
2.5 Challenges and Perspective 
 
The use of materials like inorganic acceptor should yield multiple advantages, such as 
better morphology control, improved conductivity, and enhanced absorption. So, what is the 
reason of much lower efficiency of hybrid solar cells compared to organic photovoltaics? Some 
important parameters need to be taken into account in order to improve the performances of 
hybrid polymer-inorganic solar cells: morphology control, inorganic material polymer 
engineering, and the donor-acceptor interface modification. The next section will give a brief 
discussion on the efforts been undertaken in these directions and the difficulties encountered 
while trying to control the composite morphology in hybrid organic-inorganic solar cells in order 
to provide an efficient charge transport via inorganic nanocrystals.  
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2.5.1 Extension of Range of Photon Absorption  
 
Harvesting maximum possible amount of solar energy done by the absorption of a large 
fraction of the incident photons. Generally, incident photons are partially absorbed from the 
inorganic nanocrystals and mainly by the donor polymer materials. A typical example of this 
would be the case of CdSe nanoparticles (90 wt%):P3HT blends, where P3HT is responsible for 
almost 60% of the total absorbed light due to its strong absorption coefficient [65]. Some results 
using P3HT as a donor polymer with hyperbranched spherical CdSe NCs, NRs, and QDs 
showed as best efficiencies of 2.2% [66], 2.6% [40, 67], and 2.0%  [44] respectively. However, 
further increase in efficiency with this polymer system has been limited by the insufficient 
overlap between the P3HT absorption spectrum and the solar emission spectrum [68]. 
In order to maximise the light harvesting efficiency, the absorption can be further 
improved using a polymer with a lower band gap. It is also important to understand the limit to 
which the band gap of the material can be lowered to, as exceeding this limit would lead to a 
decrease in efficiency as the energy of absorbed photons with an energy larger than the band gap 
will be wasted as the electrons and holes relax to the band edges. 
Most of the important classes of low band gap polymers used in organic solar cells are 
based on fluorine, cyclopentadithiophene, thiophene and carbazole materials. One such polymer 
which has been used extensively as an effective photon absorbing and electron donating material 
is PCPDTBT with a band gap of ~1.4 eV and a relatively high hole mobility of up to 1.5×10-2 
cm2V-1s-1 [69]. Peet et al. [70] and Park et al. [71] achieved efficiencies of 5.5% and 6.1% 
respectively using OPVs based on PCPDTBT:PC70BM. CdSe tetrapods have also been used in 
conjunction with PCPDTBT to fabricate a bulk-heterojunction hybrid solar cell with 3.13% 
efficiency [15]. This hybrid solar cells has shown an     of >30% in a broad range from 350-
800 nm (absorption band of the polymer). This broad absorption range of PCPDTBT: CdSe 
tetrapods consequently contributes to a high photocurrent with a     value above 10 mA/cm
2.  
Recently, Zhou et al. [13] compared the performance of CdSe QDs based hybrid solar 
cells, one using PCPDTBT as the donor polymer and the other using P3HT. Zhou et al. reported 
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an increase in     in the PCPDTBT based system which in turn resulted in a considerable 
enhancement of     to 2.7 % when compared to the P3HT based device. The strong 
absorption was demonstrated which indicates that both components in the PCPDTBT: CdSe 
system play a vital role in the absorption of incident photons and in photocurrent generation.  
 
2.5.2 Morphology Control in the Active Layer 
 
Optimization of the morphology in hybrid solar cells is key to improve the charge 
generation and achieve high efficiency devices. Currently research has focussed on studying 
phase separation and annealing processes and in understanding the kinetics of solvent removal. 
Controlling the morphology of the active layer in bulk heterojunction solar cells is carried out to 
achieve a twofold objective: 
1.  Provide a large DA interfacial area for efficient exciton dissociation and charge transfer. 
2.  Ensure interpenetrating bicontinuous percolating pathways for effective charge transport to 
the corresponding electrodes. 
Any photoexcitation in the donor-acceptor composite can lead to exciton dissociation 
and charge transfer as long as the domain size of the donor polymer is within its exciton’s 
diffusion length. For generating a useful current, the provision of an unhampered pathway is 
crucial to the separated carriers for transport to the electrodes before recombining.  
There are various factors that determine the nanoscale morphology of an active layer. 
Some of these depend on film preparation (selection of solvent, mixture of multiple solvents, use 
of additives, control of solvent evaporation rate, drying time and spin speed ) while the others 
depend on the film post treatments (solvent annealing, thermal annealing, donor polymer 
molecular weights, acceptor nanocrystal shape such as spherical, rods, hyperbranched etc.). 
For the fabrication of hybrid solar cells, the choice of solvent is very important as the 
nanocrystals and polymer have different solubilities. Wang et al. used pyridine and chlorobenzene 
as a solvent for MEH-PPV: CdS mixtures [72]. They presented TEM studies which showed 
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different distributions of CdS nanoparticles in PPV as a result of different solvents. This study 
indicates that the solvent used has a profound impact on the arrangement of the nanocrystals 
within the polymer. In the other report by Dayal et al. [15] used the complicated mixture solvent 
rather than a single solvent which allows differing solubilities of the donor and acceptor 
materials. This illustrates that the choice of solvent is more crucial for hybrid solar cells, and 
much optimisation is required for emerging material contribution. 
Thermal annealing also shows an impact on morphology in hybrid organic- inorganic 
solar cells. Thermal treatment at or above the glass transition temperature of the polymer is 
reported to help increase carrier mobility and light absorption in polymer: fullerene solar cells. 
There are several reports suggest that thermal treatment of the donor material P3HT induces 
crystallinity which improves its hole mobility by developing better conductive pathways [73-75]. 
Somehow, this knowledge leads hybrid solar cells to improve the crystallinity of polymer matrix 
in it. For example, The annealing temperature was varied by Liu et al. to optimise the 
performance of P3HT:Si NC hybrid solar cells [54]. Kuo et al. also investigated the effect of 
thermal annealing on the active layer (blend of polymer PDTTTPD and CdSe tetrapods ) of a 
hybrid device [76]. The significant increase in electrical performance was reported by thermal 
annealing at a temperature of 130 ºC for 20 minutes. The     and     of the devices rose from 
3.16 to 7.26mA/cm2 and 1% to 2.9% respectively. 
Morphology of the hybrid organic-inorganic solar cells can also be tuned by synthesizing 
inorganic nanocrystals directly in the donor polymer film to form an intimate DA mixture 
efficiently. This approach resolves the poor electron transport problem and leads to bulk 
heterojunction devices. In this approach, the polymer is initially spin coated after being blended 
with a precursor to the inorganic semiconductor. When exposed to air or subsequently heated, 
decomposition occurs leading to the formation of a continuous, interpenetrating networks of the 
inorganic component in the polymer. The origin of this approach is to be credited to van Hal 
who decomposed a titanium-containing precursor in air to form a TiOx network in MDMO-
PPV films. Luminescence quenching of around 95% was obtained with this method [77]. 
However, due to the amorphous nature of the inorganic component, an annealing temperature 
that was too high for the polymer (in excess of 350 °C) was required for crystallization [78]. This 
in turn led to low power conversion efficiencies.  
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This problem has been overcome recently for metal sulfide nanocrystal by the design of 
inorganic precursors which readily decompose at temperatures lower than 200 °C [47, 79, 80]. 
One such example is the work from Dowland et al. in which they showed a decomposition 
temperature of 160 °C for the CdS precursor cadmium ethyl xanthate. An impressive power 
conversion efficiency of over 2% was obtained in this case [33]. 
Recently, a comprehensive comparison of hybrid devices fabricated with either in situ 
grown CdS inside pre-coated P3HT films or CdS QDs synthesised with various capping ligands 
was presented by Reynolds et al. [81]. TEM images were analyzed for both the systems 
suggesting the interconnected network of nanoparticles provided by the in situ grown CdS 
improved charge transport. To investigate charge generation in both systems transient 
absorption spectroscopy was used. Higher polaron yield and lifetimes were noticed in the case of 
in situ grown CdS blends in comparison with hexylamine and oleic acid capped QD blends. In 
the case of in situ grown CdS, increased in longer lived photogenerated charges were achieved 
with increasing the loading of CdS. Current-voltage measurements were used to verify the 
improved charge generation for in situ and ligand capped CdS QDs. The device efficiency of in 
situ grown CdS blends was vastly enhanced due to a significant increase in     and a concomitant 
increase in    . The reason behind the enhanced efficiency is improved nanomorphology and 
reduced charge carrier recombination which result in an increase in charge generation and charge 
collection at the electrode. This report suggested that the nanomorphological constraints plays 
an important role in the generation of long-lived charges. 
 
2.5.3 Engineering of Inorganic Nanocrystals 
 
The performance of solar cells can be tuned by synthesizing inorganic nanocrystals with 
various geometries like nanorods, tetrapods and spherical nanoparticles. For example, the 
bandgap is found to be inversely proportional to the size of the nanocrystal thus providing 
exciting possibilities of bandgap tuning to improve performance.  
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A critical factor that helps control the growth of monodisperse semiconductor quantum 
dots is the ability of the ligands to bind to the surface of the nanocrystal. The ligands also help 
passivate the surface and maintain the bonding geometry of surface atoms. In addition, the 
presence of ‘dangling bonds’ (that can be envisioned as orbital lobes which extend beyond the 
nanocrystal surface) is reduced. The presence of these ‘dangling bonds’ is thought to affect the 
presence of electronic states whose energies differ from those seen in the bulk of the material. 
The choice of ligand used to passivate the quantum dots is thus crucial and plays a twofold role: 
the dispersion (and chemical and photochemical stability) of quantum dots in solutions and 
solution-processed architectures and the surface density of charge traps are both dependent on 
the ligand chosen. Long hydrophobic ligands chain covering the nanocrystals prevent intimate 
contact between QDs, and limit the interaction between QDs and the surrounding polymer 
matrix thus hindering charge transfer and transport. Therefore, in the literature, there has been 
significant emphasis on ligand exchange, as shown in the early work done on the effect of 
surface treatment with pyridine by Greenham et al [82]. In their study, they have illustrated the 
charge separation at the interface of nanocrystal: polymer interface by the incorporation of 
ligand-exchanged quantum dots in polymer blends, in contrast to the use of their as-synthesised 
counterparts. Photoluminescence quenching (PL) of the polymer MEH-PPV was used as an  
evidence of charge separation. 
The influence of the capping species upon surface trap densities in QDs as a result of 
ligand exchange was also shown by the quenching of the band-edge PL. In the ligand exchange 
process, thiols and amine-functionalised ligands are commonly used. These ligands are 
anticipated to be hole acceptors due to the presence of non-bonding electrons on the N and S 
atoms. Ligand exchange using aliphatic amines in non-polar solvents has been shown to enhance 
the PL yield of CdSe QDs (originally TOPO-capped) [83, 84]. Generally, the optimisation of 
QDs PL yield is accepted to be done by the use of primary aliphatic amines as a result of their 
high oxidation potentials. However, the band-edge PL can be quenched even though the PL 
lifetime remains the same upon addition of amine [85, 86]. TOPO and amine ligands are 
displaced by the thiol-containing ligands easily which results PL quenching of significant degree 
in a range of solvents [83, 87, 88]. Previous studies has shown that PL intensity of QDs can be 
affected by the attachment of just one thiol-functionalised ligand. As shown in the case of 
TOPO-capped CdSe QD where 50% of its PL intensity was effected [89]. 
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Recently, a model based on the Marcus electron transfer theory (discussed above in 
section 2.3.1) has been developed by Jones el al. It helps to determine the trapping dynamics in 
core/shell nanocrystals and CdSe core by using time resolved photoluminescence measurements 
[90]. This in turn helps to enable a better understanding of the interactions of excitons with their 
surroundings and also affects our perception of charge trapping mechanisms at QDs surfaces 
and interfaces.  
 
2.6 Current Understanding of Charge Photogeneration in Hybrid 
Organic-Inorganic Solar Cells 
 
A key focus of this thesis is the charge photogeneration in hybrid organic: inorganic solar 
cells. The generation and transport of charge carriers in the active layer are of crucial importance 
for organic: inorganic hybrid solar cells. This section gives an overview of charge 
photogeneration in hybrid organic-inorganic films and solar cells. 
Over recent years PL measurements have been used to study charge separation efficiency 
in hybrid organic: inorganic systems. Photoluminescence lifetime measurements gives access to 
the exciton lifetime. The exciton lifetime of a pure polymer and in its blend with nanocrystals 
can be compared by using this technique. In hybrids of vertically aligned CdTe nanorods and 
P3OT, long-lived polymer excited states are quenched by nanocrystals demonstrated by Kang et 
al. [50]. The photoluminescence lifetime of the pure polymer decreases from 13 ns to 250 ps in 
the hybrid. A decrease of the photoluminescence lifetime was reported with increasing content 
of 3.5 nm butylamine treated PbSe nanocrystals (up to 75% in weight) in hybrids with MDMO-
PPV by Noone et al. [91]. Decrease in lifetime of the photoluminescence was also reported by 
Wang et al. for the blend of AFPO-3 and branched CdSe nanocrystals [41]. 
In order to study the exciton dissociation in hybrids Photoluminescence quenching 
measurements can also be used. Ginger and Greenham demonstrated a PL yield decrease from 
15% to 2% after incorporation of 65% in weight of CdSe spherical nanocrystals in the polymer 
MEH-PPV [92]. Heinemann et al. reported a similar effect in the case of MEH-CN-PPV. They 
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showed that the efficiency of pure MEH-CN-PPV went down from 60% to 2% after 
incorporation of ~90% of nanocrystals in weight with P3HT. PL quenching was reported as 
70% relative to the emission of pristine P3HT [93]. PL quenching of 80% with respect to the 
pristine polymer luminescence was also reported for the blend of MDMO-PPV with spherical 
PbSe nanocrystals (3.5 nm) for 75 weight % of nanocrystals [91]. 
There is a possibility that the degree of PL quenching depends on the nature of the 
polymer: nanocrystals interface which may influence the coupling between polymer chains and 
nanocrystals. In some cases, PL quenching has not been noticed after the incorporation of 
nanocrystals. Ginger and Greenham have reported that the incorporation of up to 65% of 
spherical CdSe nanocrystals (2.5nm, 3.3 nm and 4.0 nm in diameter) in DHeO-CN-PPV polymer 
induces no PL quenching [92]. It was suggested that the spatial barriers provided by the alkyl 
chain in this polymer inhibit charge transfer. The absence of PL quenching was also reported by 
Noone et al. after incorporation of 3.5 nm spherical PbSe spherical nanocrystals (treated with 
butylamine) in P3HT [91]. 
It was also found that the PL quenching can be inhibited by the insulating nanocrystal 
surface ligands. It was shown in an initial report of Greenham et al. that PL quenching did not 
take place after incorporation of 4nm CdS nanocrystals (treated with TOPO) in MEH-PPV. 
However, efficient quenching was experienced when CdS (90 weight % ) treated with pyridine 
[82]. This behaviour was coming from the difference of electronic coupling allowed by small 
molecules, conjugated molecules and insulating ligands like TOPO. In the case of insulating 
ligands, the transfer process takes longer than the radiative or non-radiative decays usually at play 
in MEH-PPV. 
It is necessary to notice that the PL quenching can also arise from the excited state of the 
donor to the lower excited state of the acceptor but not only from charge transfer between two 
components of the hybrid material. Although the experiments of PL quenching extensively used 
but do not differentiate between the energy transfer and charge transfer. Therefore, techniques 
like photoinduced absorption (PIA) and light-induced electron spin resonance ( LESR) are used 
to distinguish between these energy and change transfer and to reveal the types of free carriers 
that arise from the dissociation. 
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PIA enables the excitons detection and also determine resulting charge carriers 
configuration after the exciton dissociation. Ginger and Greenham used this technique to 
investigate blends of spherical CdSe nanocrystals with diameters of 4.0 nm, 3.3 nm and 2.0 nm, 
treated with pyridine and PPV derivatives (DheO-CN-PPV , MEH-CN-PPV, MEH-PPV) [92]. 
They found three broad peaks at 2 eV, 1.3 eV and 0.5 eV in blend of MEH-PPV and 
nanocrystals (40% of nanocrystals in weight) which were attributed to the presence of localized 
polarons in the π–π* gap of the polymer while no features in the relative transmittance at room 
temperature was observed for pristine MEH-PPV. In the blend of PFE and 3.2 nm CdSe 
nanocrystals treated with pyridine (75% of nanocrystals in weight), Tseng et al. [94] showed the 
appearance of a broad peak in the relative transmittance spectrum after photo-excitation of the 
nanocrystals using photo-induced absorption. However, the traces of peak was not detected in 
the transmittance spectrum of 3.2 nm CdSe nanocrystals treated with TOPO. The presence of 
charged species in the conjugated polymer, either bipolarons or π-dimers attributed by the author 
as the peak was also absent in the blend of poly(methyl metacrylate) (PMMA) with same 
pyridine-treated 3.2 nm CdSe nanocrystals. The photo-induced absorption of blends of MDMO-
PPV with 4.2 nm InP nanocrystals (67 wt%) and 4.1 nm CdSe nanocrystals (80 wt%) was studied 
by Pientka et al., both treated with pyridine [95]. After excitation at 532 nm, the apparition of two 
peaks were reported in the relative transmittance spectra at 0.31 eV and 1.34 eV. These peaks 
were attributed to lower energy bands which allows transitions involving the positive polaron 
states located in the polymer band gap. PIA measurements were also carried by Noone et al. 
where P3HT or MDMO-PPV blended with nanocrystals of PbSe and CdSe of different 
diameters treated with butylamine [91]. The blends containing PbSe nanocrystals showed no 
evident features above the noise of the experiment for the diameters tested (from 3.5 nm to 4.8 
nm), whereas the blends with CdSe nanocrystals exhibited a large polaronic absorption band 
between 1.0 eV and 2.1 eV. 
This literature review shows that the polymer: inorganic hybrid solar cells have gained 
extensive attention. While power conversion efficiencies of up to 4.1% [12] have recently been 
achieved for polymer-inorganic hybrid solar cells, these efficiencies are still lower than those of 
polymer- fullerene solar cells, which have recently reached 10% [96]. In polymer-inorganic 
hybrid solar cells, it is still difficult to control the composite morphology to provide an efficient 
charge transport via inorganic nanocrystals. To further improve device performance of this type 
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of solar cells, several challenges need to be addressed such as morphology control and polymer 
or inorganic material engineering, as already mentioned. In addition, it is necessary to better 
understand the mechanism of charge separation in hybrid organic-inorganic system. As from the 
above discussion it is clear that the understanding of parameters like driving force energy, CT 
states, and charge photogeneration in the hybrid system is limited. The next section will discuss 
the parameters affecting the charge photogeneration in organic bulk heterojunction films. 
 
2.7 Parameters Affecting Charge Photogeneration in Organic Bulk 
Heterojunction Films 
 
This section provides a summary of the current understanding of the charge separation 
in all-organic films (polymer – fullerene derivative). This section also introduces a model that is 
typically used to describe the charge photogeneration process in such systems. The factors that 
influence the charge photogeneration, such as nanomorphology, thermal annealing, excess 
thermal energy, and charge transfer states are discussed later in this section.  
The energy level diagram of organic solar cells is shown in Figure 2.9 with the sequential 
steps in the charge photogeneration mechanism. CT states have been proven to play an 
important role in the mechanism of charge separation in organic donor-acceptor systems. The 
main kinetic competition will be between thermalisation and dissociation where charge 
photogeneration takes primarily place from the hot CT state. On the other hand, when the 
charge photogeneration take place primarily from the relaxed CT state, the key kinetic 
competition will be between geminate recombination and dissociation. The e-h separation 
distance increases with the creation of the CT state which results in less Coulombic attraction. 
The increase to an e-h distance greater than the Coulombic radius helps to form free fully 
dissociated charge carriers by avoiding geminate recombination. The electron injected into the 
acceptor will be thermally hot initially due to the energy offset of the D-A energy levels which 
corresponds to the ‘crossing point’ in Marcus electron transfer theory. 
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Figure2.9: State description of charge separation in organic solar cells. Light absorption (a) 
promotes the donor or acceptor to an excited singlet state S1. Partial charge transfer (b) occurs to 
an interfacial charge transfer (CT) state which can undergo full dissociation (c) to form 
separated charges (this latter process is shown as downhill but this is not true in general; it may 
be uphill if the CT state has thermalised). A number of undesirable processes are also shown – 
geminate (f, g, h) [21] or bimolecular (e) recombination or intersystem crossing to the triplet 
state (i). Figure adapted from reference [97]. 
 
Charge photogeneration is directly affected by the overall free energy loss (    ) (shown 
in Figure 2.9) as explained below. The free energy (    ) is the difference between the energy of 
the charge separated states and the singlet energy (  ) of the polymer.  
 
                                                                                                             Equation 2 - 7 
 
where, the energy of the charge separated states is the difference between the ionisation 
potential of the donor and the electron affinity of the acceptor             . The      is 
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directly correlated with the LUMO-LUMO offset of the donor and acceptor, but it also includes 
the effect of EBexc (Coulomb binding energy of the exciton). Based upon Onsager theory, 
Peumans and Forrest [98] have simulated the dissociation of charges at a D:A interface for small 
molecule bilayer organic solar cells by using Monte Carlo calculations. In the model, the electron 
was injected with an excess thermal energy corresponding to the free energy difference between 
the exciton and the dissociated charges,     . Another paper by Morteani et al. [99] and 
Peumans and Forrest [98] proposed that excess energy is an important factor in overcoming the 
electrostatic e-h attraction of the bound charges.  
In the literature, there are very few studies which give experimental based information 
about the hot CT state although the later may be important to achieve efficient photogeneration 
at D:A interfaces, as has been supported by theoretical calculations. Identified CT states was of 
two types,  hot CT states where enough excess energy is available to drive efficient charge 
dissociation which may correspond to different electronic states and/or electronic state with 
higher degrees of delocalization [35, 100, 101] and relaxed CT states that predominantly 
recombine to the ground state. Later, a good relation between the yield of dissociated charges 
and the magnitude of the energy offset driving the charge separation was reported by Ohkita et 
al. [34], who studied a series of polythiophene: fullerene blends and supported the importance of 
excess energy. This was assigned to hot CT states being required to drive charge dissociation [34, 
102]. However, there are few studies goes against these observations [103-105]. For example, Lee 
et al. [103] compare the device current with a rather large energy offset for above and below 
band-gap excitations in polymer: PCBM blends by using direct photocurrent spectroscopy; they 
concluded that there is no requirement of large excess energy in polymer: fullerene blends but 
rather that the directly photogenerated CT state could undergo charge dissociation. More 
recently, it was illustrated that polaronic relaxation of such directly photogenerated CT states 
brings about CT localization [35]. 
Recently, Dimitrov et al. [106] have conducted a study of the charge photogeneration as a 
function of excitation wavelength in two low-bang-gap polymer: fullerene bulk heterojunctions 
with relatively small material energy offsets. Their report strongly supports a model wherein 
charge dissociation is dependent upon having the excess energy of initially generated hot CT 
states to overcome their Coulomb attraction. The particular mechanism of this dissociation 
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probably involves a relatively high level of delocalization of hot CT states. These results thus 
provide new insight into the energy offsets required to drive charge dissociation at organic D:A 
interfaces, which comprise the ultimate limits to the efficiencies achievable with organic PV 
heterojunctions. 
The influence of nanomorphology on the properties of the CT state and subsequent 
charge photogeneration has been addresses by many studies in donor: acceptor blends. 
Substantially, charge photogeneration have effected by both the phase segregation and 
morphology (domain sizes and the collection of D:A interfacial area)[107] and have to fulfil both 
the requirements of exciton dissociation and charge transport by minimising recombination 
whilst optimising charge photogeneration. For example, enhanced geminate recombination may 
lead by really small sizes of domain. It has been reported that the charges will not be able to 
escape one another efficiently if the domain size is smaller than the Coulomb capture radius 
which may result geminate recombination [108]. Contrarily, the limited diffusion length of the 
photoinduced excitons means that some excitons will not reach an interface within their lifetime 
if the phase segregation is too pronounced. By using vertically separates materials,  different 
paths for electrons and holes to the electrodes provided by a controlled donor: acceptor blend 
morphology on the nanometer scale with the scale of phase separation on the order of the 
exciton diffusion length and greater than the Coulomb capture radius and with an optimised 
interfacial area for efficient exciton dissociation, would be an ideal morphology. It might not be 
simple to achieve these conditions with estimates of the Coulomb capture radius typically being 
of similar magnitude or exceeding estimates of the exciton diffusion length. 
There is some evidence that charge separation is assisted by the existence of large or 
ordered domains on either side of the heterojunction that enable charge delocalisation. Both the 
energy dependence and the domain size dependence of charge separation yield could be 
explained by the presence of a series of CT states of different energy and spatial extent. 
Moreover, the dissociation of an energetic exciton to generate a higher lying CT state could then 
lead to greater spatial delocalization of the charges and a correspondingly lower barrier to charge 
separation. Similarly, larger domain size would enable greater delocalization of the CT state [102]. 
Achieving a favourable nanomorphology using new materials possessing energy levels 
Transient Optical Characterization of Hybrid Polymer: Inorganic Nanocomposite Films 
For Use in Photovoltaic Devices. 
 
 
                                                                                 Neha Bansal  
--------Page 74-------- 
 
compatible with higher device efficiencies (e.g. lower     , lower optical bandgap, etc) is a key 
challenge for the development of further advances in device efficiency. 
 
2.8 Project Objectives and Thesis Outline 
  
This thesis primarily focuses on specific aspects of the charge photogeneration at the 
donor: acceptor interface and the morphology in such solid films. Our fabrication approach in 
this thesis is based upon the controlled in situ thermal decomposition of a solution processable 
precursor complex in a semiconducting polymer film. 
In order to address the mechanism by which such devices can overcome the Coulomb 
attraction of the photogenerated electron-hole pair, and in particular achieve this with a high 
quantum yield and energy efficiency, several spectroscopic methods were employed, namely 
steady state absorption and emission spectroscopy, transient absorption to study the 
photophysics of the blends, and correlating these studies were correlated with analyses of blend 
morphology using transmission electron microscopy, Raman Spectroscopy and X-ray diffraction. 
Finally, the device performances are investigated. The details of all the techniques used in this 
thesis are given in chapter 3. 
As discussed earlier, numerous studies have addressed the factors controlling charge 
photogeneration in all-organic systems (including polymer-fullerene blends) leading to improved 
mechanistic understanding and thus design rules and advances in device efficiency, but very few 
studies have yet addressed hybrid inorganic-organic heterojunctions. Consequently, a better 
understanding of the charge photogeneration reaction in such hybrid devices is now needed to 
facilitate the rational design of high-performance energy conversion devices that take advantage 
of both inorganic and organic materials. The focus of Chapter 4 is to understand the dissociation 
of photogenerated excitons and the subsequent spatial separation of the charges and their link to 
the design of efficient organic-inorganic hybrid solar cells. This design critically depends on the 
ability to control and optimize the charge photogeneration process at the donor-acceptor 
heterojunction. TEM is used to probe the morphology of the films. Transient absorption 
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spectroscopy (TAS) is employed to monitor charge photogeneration in the blend films. The 
findings in this chapter illustrate the requirement for excess thermal energy and thus a large 
driving force for charge separation. 
Chapter 5 shows the influence on the dissociation of CT states of molecular order i.e. 
domain size. The polymers and inorganic semiconductor were engineered in the blend so that 
the offset between the polymer LUMO and the inorganic conduction band (CB) is optimized to 
reduce energy loss, for improved     during exciton dissociation and charge separation. Results 
show the size of the acceptor domain can drastically alter the charge separation in hybrid 
systems. Charge generation is studied using steady state photoluminescence (PL), TAS, and 
demonstrate that the yield of photogenerated charges is correlated to the crystallinity of the 
inorganic acceptor phase ascertained by X-ray diffraction (XRD). 
In Chapter 6, TAS is used to study the charge photogeneration in P3HT:Sb2S3 BHJ. The 
results from TAS and device characterization data reveal that light absorption by Sb2S3 and not 
by the P3HT is the main contributor to the device performance. Charge separation is mediated 
by hole transfer from the Sb2S3 HOMO level to the P3HT HOMO level. Electron transfer from 
the P3HT LUMO to the Sb2S3 LUMO is suppressed due to absorption loss by P3HT. Evidence 
is provided that charge photogeneration from direct hole transfer from the Sb2S3 to the polymer 
can produce significant device photocurrents. By controlling the P3HT: Sb2S3 annealing 
temperature, thickness, and composition ratio, the device power conversion efficiencies have 
been optimized to attain a maximum of 1.3%. 
Chapter 7 shows the use of xanthate to prepare polymer: CIS nanocomposite solar cells 
by using highly soluble copper and indium precursors. TAS was employed to reveal the presence 
of long-lived separated states in the polymer: CIS film studied here. The efficiency of 2.8% was 
achieved which is by far the highest reported for polymer: CIS nanocomposite solar cells and 
close to those reported for polymer: CdSe solar cells. 
Finally, Chapter 8 summarises this work’s findings about charge photogeneration in 
hybrid donor: acceptor blend films. General conclusions about charge generation are discussed. 
Suggestions are offered for future work in this field. 
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CHAPTER 3 
 
Experimental Details 
 
 
 
 
 
 
 
 
In this chapter, an overview of the procedures used to fabricate hybrid thin films is given. Also provided is a 
summary of the experimental techniques used to study the solar cell materials and a more in-depth discussion of 
transient absorption spectroscopy.  
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3.1 Film Processing 
 
The glass and ITO substrates were first ultra-sonically cleaned in acetone and propan-2-ol 
for 15 minutes each. After cleaning in propan-2-ol the substrates were dried under a nitrogen 
flow. Films were prepared by using spin-coating technique [1, 2]. Generally the solution of 
polymer or inorganic acceptor (or a blend) are preferred to spun at high speed after being spread 
onto a flat substrate. This helps to create a smooth layer across the surface by forcing the 
solution to spread out. There are many important parameters which influence the morphology of 
the film by altering the drying speed, volume of solution used, spin time, concentration, spin 
speed, solvents, acceleration, annealing of the solution or substrate. 
 
3.2 Polymer Used in the Thesis 
 
A range of different polymers were employed as electron donors in conjunction with 
inorganic nanocrystals as the electron acceptor, as shown in Chart 3.1. These polymers are IF-
DTBT (Indenofluorene-dithienyl benzothiadiazole) , PCDTBT (poly [N-9 ′ -heptadecanyl-2,7-
carbazole-alt-5,5-(4 ′ ,7 ′ -di-2-thienyl-2 ′ ,1 ′ ,3 ′ -benzothiadiazole)], SiIDT-BT 
(silaindacenodithiophene- benzothiadiazole), BTT-DPP (benzo [1,2-b:3,4-b’:5,6-d”]trithiophene 
diketo-pyrrolopyrrole), PTB7 (Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-
diyl][3-fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]), MEH-PPV (poly[2-
methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene], and P3HT (poly(3-hexylthiophene)). 
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Chart 3.1: Chemical structures of materials: electron donors IF-DTBT, PCDTBT, SiIDT-BT, BTT-
DPP, PTB7, MEH-PPV, and P3HT. 
 
3.3 Measurement of HOMO and LUMO Levels 
 
For the development of solar cells, predictive knowledge of the molecular structure is a 
key to design efficient devices. Also the HOMO and LUMO levels used in this thesis were 
measured  (though not as part of this study) and taken from literature. The HOMO and LUMO 
level of the polymers data received from Shahid, Professor McCulloch group, Imperial College 
London which were measured using cyclic voltammetry with an intrinsic error of around 0.05 eV. 
The HOMO and LUMO levels for PCDTBT, PTB7, MEH-PPV and P3HT are provided by the 
suppliers, 1-material and Merck, and errors in measurement are unknown. As these values are 
also derived using cyclic voltammetry, they are also assumed to be up to + 0.05 eV.  
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3.4 Preparation of Hybrid Inorganic Nanocrystal: Polymer Blend 
 
3.4.1 Preparation of CdS and Sb2S3 Nanocrystal inside the Polymer Film 
 
In this thesis, in order to create the BHJ films, the novel in-situ growth technique of 
sulphide NP developed in our group were used. The CdS precursor (pyridine-chelated cadmium 
ethyl xanthate structure was shown in Figure 3.1 (a)), CdPEX which was fully analysed by both 
crystallographic and spectroscopic methods [3, 4]) and Sb2S3 precursor (Sb(S2COOEt)3) structure 
was shown in Figure 3.1 (b))are used in this thesis to produce the nanocrystals of both CdS and 
Sb2S3 respectively. Dr Thierry Lutz synthesised these xanthates following a modified version of a 
previously published procedure, using CdCl2, KS2COEt and pyridine [5]. The xanthate readily 
undergoes thermal decomposition at low temperature via a Chugaev rearrangement [6] to give the 
metal sulphide with the only by-products being volatile organic side-products, in the case of CdS 
pyridine, C2H4, COS, and H2S. Hybrid organic-inorganic films used in this thesis are prepared by 
spin coating a blend of xanthate precursor and the polymer in chlorobenzene. Subsequently, 
annealing of the film at 160° C in nitrogen induces the decomposition of the xanthate species and 
the formation of the metal sulphide nanocrystals inside the film of polymer [4]. 
 
                                                                                       
 
Figure3.1: The structure of the soluble a) Cadmium sulphide and b) antimony sulphide xanthate 
precursor. Upon thermal annealing CdS and Sb2S3 is formed along with volatile organics. 
 
 
 
a) b) 
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3.4.2 Preparation of CIS Nanocrystal inside the Polymer Film 
 
Precursor Synthesis 
 
Copper xanthate: Copper (I) O-2,2-dimethylpentan-3-yl dithiocarbonate  
  
Copper (II) chloride dihydrate (4.04 g, 23.7 mmol, 1 equiv.) was dissolved in 50 mL of 
deion. water. A solution of potassium xanthate 1 ( 12.0 g, 52.1 mmol, 2.2 equiv.) in 150 mL of 
deion. water was added dropwise to the copper chloride solution under vigorous stirring. A 
sticky brown residue was formed immediately. The reaction was stirred for about 5 hours, then 
the water was decanted off and the residue was dried in vacuum. The residue was dissolved in  
chloroform and added to methanol to obtain a yellow powder, which was dried under vacuum.  
Afterwards this powder was washed in n-pentane and dried in vacuum to obtain the yellow 
copper xanthate (Yield: 5.3 g, 88%). The structure of copper xanthate showed in Figure 3.2. 
 
Indium xanthate: Indium (III) O-2,2-dimethylpentan-3-yl dithiocarbonate  
 
Indium (III) chloride (4.50 g, 20.3 mmol, 1.0 euqiv.) was dissolved in about 300 mL of 
deion. water. To this solution, the potassium xanthate 1 (15.0 g, 65.1 mmol, 3.2 equiv) dissolved 
in 350 mL of deion. water was added dropwise under stirring. The reaction was allowed to stir  
for about 2.5 hours; the white residue was filtered off and dried in vacuum. The precipitate was 
recrystallized from chloroform/methanol to obtain a white powder, which was dried in vacuum 
(Yield: 11.9 g, 85%). The structure of indium xanthate showed in Figure 3.2. 
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Figure3.2: The structure of the soluble copper and indium xanthate precursor. Upon thermal 
annealing CIS is formed along with volatile. 
 
3.4.3 Fabrication of Hybrid Organic: Inorganic Solar Cells 
 
An inverted solar cells architecture was used in this thesis as shown in Figure 3.3. The 
device takes the following form: ITO/TiO2/CdS interface layer/active layer 
blend/PEDOT:PSS/Ag. In this architecture, the holes are collected at the Ag electrode and 
electrons at the ITO electrode. Hybrid Organic: Inorganic devices were fabricated on ITO 
sputtered substrates (Psiotec Ltd). The ITO substrates were cleaned by sequential sonication in 
detergent, acetone, isopropanol, and ethanol for 15 minutes each. After depositing a TiO2 layer 
by spray pyrolysis on top of the cleaned ITO slides, they were then heated at 450 ºC. The 
solution of TiO2 was prepared from a 0.1M solution of di-isopropoxy titanium bis 
(acetylacetonate), synthesised from Ti(OiPr)4 (97%, Sigma Aldrich) and pentane-2,4-dione 
(>99%, Sigma Aldrich) in ethanol. The next layer deposited on top of TiO2 was prepared by 
spin-coating a solution of inorganic xanthate dissolved in chlorobenzene. In order to form a 
metal sulfide interface layer, the fabricated organic xanthate layer was annealed at 1600C for half 
an hour under nitrogen. Then a blend of polymer and the xanthate in a chlorobenzene solution 
was spin-coated and annealed for 1 hr at 1600 C which creates the active layer. Before depositing 
the 150 nm of Ag as the top electrode through a shadow mask, PEDOT: PSS (H.C.Stark) was 
spin-coated on top of the active layer. Every fabricated device contained six pixels each having an 
active area of 0.045 cm2.  
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Figure 3.3: Diagram showing (a) the electrode layout of a typical solar cell device fabricated in 
this study and (b) cross sectional view of a single device showing the layers used: indium tin 
oxide (ITO) on a glass substrate, followed by TiO2, active layer blend, PEDOT:PSS, and an silver 
top cathode. 
 
3.4.4 Fabrication of CIS/PSiF-DBT Solar Cells 
 
PEDOT:PSS layers (Clevios P VP.AI 4083, Heraeus) were spin-coated from solution 
using deionized water (1:1, vol.) on glass/ITO substrates (Delta Technologies, RS= 15–25 Ω/sq, 
sonicated in deionized water and isopropanol, O2 plasma cleaned (FEMTO, Diener electronic)) 
and thermally dried in nitrogen atmosphere (150 °C, 15 min). Thereon, nanocomposite layers 
were prepared by doctor blading of a chlorobenzene solution containing copper xanthates, 
indium xanthates (copper and indium O-2,2-dimethylpentan-3-yl dithiocarbonate; purchased 
from Aglycon, Austria; the chemical structures are depicted in Figure 3.1, and PSiF-DBT 
(OS0927, purchased from 1-Material, Chemsitech Inc., St. Laurent, Canada) and subsequent 
thermal treatment in a tube furnace (Heraeus 4/25, temperature program: 7 min heating from 
temperature to 200 °C, holding time of 15 min at 200 °C) subject to nitrogen gas flow. 
Aluminum electrodes were deposited using a thermal evaporation chamber mounted inside a 
glovebox system (LABmaster dp, MBRAUN Glovebox Technology, Germany) at a base 
pressure of (3–6) × 10-6 mbar (nitrogen atmosphere). The substrates were not cooled during 
evaporation. 
 
 
ITO
Ag
e-
Cathode
ITO on Glass Substrate
Donor: Acceptor Blend
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3.5 Film Characterization Techniques 
 
3.5.1 Steady-state UV/vis Absorption and Photoluminescence Spectroscopy 
 
Steady-state UV/vis Absorption Spectroscopy: Absorption spectra were measured at 
room temperature using a UV-vis spectrophotometer (Shimadzu, UV-1601 or Perkin- Elmer 
Lamda-25). The spectrometer measures the transmitted intensity I of a monochromatic beam of 
light with incident I0  and converts this to absorbance assuming no reflection. The absorption 
(optical density) is defined as : 
                                                                      
 
  
                                                   Equation 3-1 
 
The absorbance can then be used to calculate the concentration of absorber, or the molar 
extinction coefficient   of the absorbing species, if the other  quantities like  , the molar 
concentration of absorbing species and  , the path length) are known. 
 
                                                                                                                Equation 3-2 
 
 Steady-state Photoluminescence Spectroscopy: Steady state luminescence 
characterization was performed using a spectrofluorimeter (Horiba Jobin Yvon, Fluorolog-3). 
Figure 3.4 shows the set up of the Photoluminescence spectrofluorimeter. 
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Figure 3.4: Schematic of photoluminescence measurement. Detection is performed using a 
photomultiplier tube (PMT). 
 
Comparative studies of the PL intensities in blend with respect to pristine material can be 
used to determine the fraction of emissive donor states that decay non-radiatively. This is 
referred to as PL quenching. For PL studies, location and orientation of the sample were fixed to 
minimize differences in PL intensity due to variation in measurement geometry between samples 
in the series. The percentage of PL quenching (PLQ) is defined as : 
 
                                                             
       
          
                                            Equation 3-3 
 
 The quantity is either defined at the maximum wavelength of emission or as integrated 
intensity. If there is significant PL quenching, it indicates a reduction in exciton- either via charge 
separation or significant energy transfer to another state/ ground state via a non-radiative decay 
mechanism. 
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3.5.2 Transient Absorption Spectroscopy 
 
3.5.2.1 Principle 
 
In 1950’s, Lord Porter developed transient absorption spectroscopy and awarded by the 
Noble Prize for Chemistry in 1967 [7]. This apparatus is best described as spectrometer which 
allows the optical characterisation of short lived transient species. This technique is used to 
observe induced changes in the samples optical density and involves irradiation of a sample with 
a short intense pulse of light (the excitation pulse). By monitoring of a second, less intense beam 
of light that passes through the samples, the change in optical density is determined, and known 
as the ‘probe’.  
The change in absorption of a film monitored by this technique that allows the interfacial 
charge transfer processes at work in PV devices to be probed. Although, different kinds of setups 
can be used to study processes occurring in the ns [8] or ps [9] regimes. The studies involved in the 
thesis used this technique to monitor the existence of long-lived charge-separated states, typically 
polarons and triplets by focusing on processes occurring during the µs-ms timescales [10-13]. The 
fundamental photophysical properties of the system to be studied in this time regime to 
investigate information on the processes affecting lifetimes of different transient species and the 
electron injection yield. 
 
3.5.2.2 Apparatus 
 
 
The TAS measurements presented in this report were taken with a home built set up with 
a time resolution in the region of 300 ns. A schematic representation of the transient absorption 
setup is shown in Figure 3.5. A nitrogen laser (Photon Technology International Inc. GL-3300) 
was used to pump a dye laser (Photon Technology International Inc. GL-301) which was then 
used to excite the thin film samples. The samples were held under a dynamic nitrogen 
atmosphere in a quartz cuvette.  
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Figure 3.5: Schematic representation of the setup for transient absorption spectroscopy. The 
change in optical density (relative to the ground state absorbance) at time t following the laser 
pulse can be plotted as a function of probe wavelength, λ. The change in optical density can also 
be monitored as a function of time at a constant wavelength. 
 
The variation in excitation wavelength enabled by the use of different dyes. The laser was 
operated at 4 Hz and the pulses had a width an energy density of 0.6 ns and of 5-50 µJ cm-2 
respectively. Quartz halogen lamp (Bentham, IL1) has been used to probe the samples with a 
stabilized power supply (Bentham, 605). The probe light was detected using  a silicon or InxGa1-
xAs photodiode and the signal subsequently amplified and passed through electronic band-pass 
filters to improve the signal to noise ratio, and changes were observed and recorded with the aid 
of a Tektronix TDS 1012 oscilloscope. It is important to note that due to the extremely low 
signal given by the samples even under intense illumination, the excitation light intensities are 
generally stronger than those corresponding to one sun (~1 µJ cm-2) to achieve an acceptable 
signal to noise ration. It is possible to plot the change in optical density (relative to the sample’s 
steady state absorbance) at a time t, following the laser pulse as a function of probe wavelength, 
λ, yielding a transient spectrum by using this system. It is also possible to plot the change in 
absorbance as a function  of time at a constant wavelength to get transient kinetics. 
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Figure 3.6: System for maintaining an inert atmosphere for transient absorption measurements. 
 
The time range used to measure the kinetics decay is 1 µs- 1ms. Using the Beer-Lambert 
Law (fraction absorbed =1-10-OD), all the spectra and kinetics used in the thesis are normalized 
for the photons absorbed at the excitation wavelength.  
The main goal of transient absorption experiment is to extract the optical density (   ) 
of transient absorption from the measurements of the spectral intensity of the probe beam first 
falling in front of the sample and then passed through the sample. 
 
                                                                         
     
      
                                                      Equation 3-4 
 
where       is the spectral intensity of the probe pulse in front of the sample, and 
       is the spectral intensity of the probe pulse having passed through the sample, measured   
after excitation. In the thesis, the measured     of the transient absorption was divided by the 
Exhaust 
Silicon Oil 
Sample Cuvette 
N2 Stream 
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OD of the absorption to calculate the actual number of photons absorbed at the excitation 
wavelength.  
 
                                                   
    
  
 
     
     
      
     
     
     
         
      
      
                                  Equation 3-5 
 
where         is the spectral intensity of the probe pulse having passed through the sample 
without any excitation. 
A tektronic energy meter was used to measure the intensity by placing a Si detector at the 
same distance from the laser beam as the sample would be. To compare one sample to another, 
all the transient decays were taken at comparable laser intensities as the sample dependence on 
intensity of light may be non-linear. To avoid the saturation of probe detectors, neutral-density 
filters (ND filters) and long pass filters are used. All the spectra and kinetics presented in the 
thesis are taken under a nitrogen atmosphere (as shown in Figure 3.6). 
 
3.6 Morphology Study Techniques 
 
3.6.1 TEM (Transmission Electron Microscopy) 
 
To characterise the morphology of the blend films transmission electron microscopy 
(TEM) is used with a spatial resolution. The TEM images presented in the thesis and provided by 
Andrew MacLachlan were obtained using a JEOL 2000 MkII electron microscope operated at 
200 kV. The blend films were prepared on a PEDOT: PSS coated glass substrate. The samples 
were collected on top of copper grid by placing the substrate in the water which dissolves the 
PEDOT: PSS layer.  
 
Transient Optical Characterization of Hybrid Polymer: Inorganic Nanocomposite Films 
For Use in Photovoltaic Devices. 
 
 
                                                                                 Neha Bansal  
--------Page 100-------- 
 
3.6.2 XRD (X-Ray Diffraction) 
 
XRD measurements were performed with a PANalytical X'Pert Pro MRD diffractometer 
using Ni filtered Cu K-alpha radiation at 40 kV and 40 mA for the identification of crystalline 
structures. Based on Bragg’s Law (derived by Sir W.H. Bragg and his son Sir W.L. Bragg in 1913), 
a set of interference signals received by the detector at different angles θ which corresponds to 
the lattice spacing: 
                                                             nλ = 2dSinθ ; n=1, 2, ....                                            Equation 3-6 
  
where, θ : angle between the incident beam and normal to the reflecting  crystalline plane, 
λ : wavelength of the electromagnetic radiation,  
n : integer called the order of reflectance, and 
  d : distance between two atomic planes (lattice spacing). 
 
Atomic composition and crystal structure can be identified by the lattice spacing, d. Long 
range order lacking in crystal structure results in destructive interference in the scattering 
direction for crystallite sizes smaller than about 1 µm. Therefore, the Scherrer relation is used to 
calculate the crystallite size for crystallites or sub-micrometer particles: 
 
                                                     dXRD = K λ (β cos θ)
-1                                                                                    
Equation 3-7 
 
where, β: the line broadening at half of maximum intensity,  λ: wavelength, K: shape factor, and  
dXRD : mean crystallite size. 
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3.7 Device Characterization 
 
3.7.1 Measurement of Current Density-Voltage 
 
Current-voltage characteristics of the cells were measured using a 150 W Xenon lamp 
(ScienceTech SS150W solar simulator) equipped with an IR filter (Water Filter) and AM1.5 filter 
(ScienceTech). In the dark or under illumination, the current density-voltage (J-V) curve is 
generated by scanning the voltage across a solar cell, and the source measure unit used to record 
the resulting current density. The sample chamber containing a device under nitrogen was placed 
under a light from a 100W xenon lamp. Then, the Si photodiode was used to calibrate the 
incident power on the sample (1 mW/cm2 which is equivalent to 1 sun). The lamp spectrum used 
during the measurements was similar to the AM 1.5 solar spectrum.  
 
3.7.2 External Quantum Efficiency (   ) 
 
Current voltage Characteristics of the cells were measured using a 150 W Xenon lamp 
(ScienceTech SS150W solar simulator) equipped with an IR ﬁlter (Water Filter) and AM1.5 ﬁlter 
(ScienceTech).     measurements were conducted using irradiation from a quartz halogen lamp 
(Bentham IL1) ﬁltered through an autonomous monochromator (Bentham M300). Current 
measurements were also conducted using a Keithley 2400 series source meter. 
 
3.7.3 Electroluminescence (EL) Spectroscopy 
 
Electroluminescence measurements were done in collaboration with Dr Thomas 
Kirchartz and Prof. Jenny Nelson (Physics, Imperial College London) using a Princeton 
Instruments Acton SP 2500 spectrograph combined with a liquid nitrogen-cooled InGaAs 
photodiode array (Acton OMAV:1024). The spectral intensity was corrected with the spectrum 
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from a calibrated halogen lamp. Electroluminescence spectroscopy is used to detect the presence 
of the charge transfer states in this thesis. The electron and hole must recombine in one way or 
other as they are injected into the device by populating the available states in the blend, when 
applying an increasing voltage. The state that allows recombination in bulk heterojunction must 
be the lowest energetic state (i.e., CT state). Hence, there is a possibility to study only the 
emission from the low energetic CT state. By definition, as the carriers are injected into the blend 
film of the devices, the generation of EL must be done by bimolecular recombination. It is 
expected that the recombination primarily occur in solar cell operational mode through the same 
state where both geminate and bimolecular recombination takes place. The bound e-h pair of the 
CT state allows for good description of the rates of the two relevant recombination routes as 
explained in the Onsager-Braun model implemented among others by Koster et al. [14]. 
Therefore, forced bimolecular recombination through injection of carriers and generation of EL 
is suggested to be a good probe of this important state that governs both geminate and 
bimolecular recombination. 
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CHAPTER 4 
Results: Effect of Driving Force Energy on Charge 
Photogeneration in Hybrid Organic-Inorganic Bulk 
Heterojunction 
 
 
Abstract 
The majority of the studies of charge photogeneration in organic semiconductor based solar cells have focused on 
polymer: polymer or polymer: fullerene systems. In contrast studies of charge separation in polymer: inorganic 
systems have received limited attention. This chapter focuses on the effect of driving energy on the efficiency of charge 
separation at polymer: inorganic semiconductor heterojunction. The driving energy (defined here as the difference 
between the LUMO of the donor and the conduction band of the acceptor,     ) is namely using a range of 
polymer donor and a CdS based electron acceptor. For all polymers, the addition of CdS resulted in 80-90% 
quenching of polymer photoluminescence (PL), indicative of efficient quenching of polymer excitons. Despite efficient 
exciton quenching, the yield of long lived polymer polarons (as studied by transient absorption spectroscopy 
(TAS)), was observed to vary by over 1.5 orders of magnitude depending upon the polymer employed. Moreover, a 
correlation was found between the free energy difference for charge separation and yield of the long-lived polarons, 
with efficient charge generation requiring a much larger driving force energy than that required to achieve efficient 
PL quenching. This observation has important implications for the design and optimization of hybrid organic: 
inorganic solar cells based on CdS: Polymer performance, as it implies that a large      (or LUMO level offset) 
is required to achieve efficient charge dissociation. 
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4.1 Introduction 
 
Studies of photoinduced charge separation in blend films of conjugated polymers with 
inorganic semiconductor nanocrystals (such as metal chalcogenide) have generated interest due 
to their applicability to photovoltaic (PV) solar energy conversion. The intermixing of the 
polymer electron donor with the inorganic electron acceptor in such blended films (the 
formation of a “bulk heterojunction”) can result in a significant enhancement of charge 
separation efficiency relative to more conventional bilayered heterojunction devices. This in turn 
has led to significant advances in the performance of hybrid solar cells. For example,      
exceeding 4% [1] have been reported for devices based on CdS:P3HT nanocomposite films. 
Most studies of such inorganic: organic blend films have focused on the optimization of PV 
device performance through control of materials structure, film processing conditions, and blend 
morphology. In particular, thermal treatment of the as deposited active layer, blend composition, 
film deposition solvents, and film thickness have been shown significantly affect on device 
performance. However, whilst recent progress in device performance, studies address, the 
operational mechanism (in particular charge separation) have attracted attention in literature to 
date. For example, few studies have used PL quenching to study the efficiency of charge 
separation and the finding to then improve the device design. 
Ginger and Greenham demonstrated a PL quantum yield decrease from 15% to 2% after 
incorporation of 65% in weight of CdSe spherical nanocrystals in the polymer MEH-PPV [2]. 
Heinemann et al. reported a similar effect in the case of MEH-CN-PPV. They showed that the 
efficiency of pure MEH-CN-PPV went down from 60% to 2% after incorporation of ~90% of 
nanocrystals in weight with P3HT. PL quenching was reported as 70% relative to the emission 
of pristine P3HT [3]. PL quenching of 80% with respect to the pristine polymer luminescence 
was also reported for the blend of MDMO-PPV with spherical PbSe nanocrystals (3.5 nm) for 
75 weight % of nanocrystals [4]. 
There is a possibility that the degree of PL quenching depends on the nature of the 
polymer: nanocrystals interface which may influence the coupling between polymer chains and 
nanocrystals. In some cases, PL quenching has not been noticed after the incorporation of 
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nanocrystals. Ginger and Greenham have reported that the incorporation of up to 65% of 
spherical CdSe nanocrystals (2.5nm, 3.3 nm and 4.0 nm in diameter) in DHeO-CN-PPV polymer 
induces no PL quenching [2]. It was suggested that the spatial barriers provided by the alkyl 
chain in this polymer inhibit charge transfer. The absence of PL quenching was also reported by 
Noone et al. after incorporation of 3.5 nm spherical PbSe spherical nanocrystals (treated with 
butylamine) in P3HT [4]. 
It was also found that the PL quenching can be inhibited by the insulating nanocrystal 
surface ligands. It was shown in an initial report of Greenham et al. that PL quenching did not 
take place after incorporation of 4nm CdS nanocrystals (treated with TOPO) in MEH-PPV. 
However, efficient quenching was experienced when CdS (90 weight % ) treated with pyridine 
[5]. This behaviour was coming from the difference of electronic coupling allowed by small 
molecules, conjugated molecules and insulating ligands like TOPO. In the case of insulating 
ligands, the transfer process takes longer than the radiative or non-radiative decays usually at play 
in MEH-PPV. 
Finally, it should be pointed out that prior to the study introduced in this chapter, very 
little was known about the factors influencing the charge photogeneration in hybrid organic-
inorganic system (does the driving force energy influence charge separation efficiency? What is the effect of 
crystallinity on charge separation?....). Consequently, it was unclear what was the best way to improve 
the performance of the hybrid devices which gives the motivation for the study of charge 
photogeneration in hybrid system. Whilst several studies have addressed the charge separation 
process in all organic junction including polymer: polymer and polymer: fullerene heterojunction 
[6-9]. This lead of underlying is not for hybrid system. The main goal of this chapter is to address 
the influence of driving force energy on charge photogeneration in hybrid organic (donor) 
:inorganic (acceptor) solar cells as it has not been studied before in detail. This was done by 
examining a range of polymers blended with CdS nanocrystals. This chapter (a) demonstrates the 
charge separation efficiency depends in energy driving force, and (b) studies the possible role of 
CT states. 
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4.2 Results and Discussion 
 
A key factor in the successful design of organic optoelectronic devices, including solar 
cells and light-emitting diodes is charge separation and recombination at donor: acceptor (D/A) 
heterojunction [10-12]. In organic material, the Onsager theory of charge separation is used to 
derive most models of charge photogeneration, which predicts the escaping probability of 
photogenerated Coulombically bound e-h pairs from the laws of Brownian motion [13, 14]. 
Building upon Onsager theory, it was proposed by Morteani et al. [15] and Peumans and Forrest 
[16] that to overcome the electrostatic e-h attraction of the bound charges in organic solar cells, 
excess energy plays an important role. It is commonly considered that the generation of free 
charges at a donor:acceptor heterojunction results from the dissociation of a photogenerated 
exciton to generate a bound complex with charge transfer (CT) character, and the separation of 
this CT complex into fully dissociated charge carriers (Figures 4.1a & 4.1b) [13, 17, 18].  
 
 
 
 
 
 
 
Figure 4.1: (a) and (b) show schematic diagrams of the charge separation process at donor-
acceptor heterojunctions. Exciton generation via photon absorption is followed by exciton 
diffusion (process 1) to the D-A heterojunction. Charge separation (process 2) is followed by the 
formation of a CT state. Device performance depends critically on efficient dissociation of the 
polaron pair (process 3) avoiding geminate recombination (process 4). 
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Efficient charge generation requires that the separation process competes successfully 
with recombination of the bound CT complex and with energy transfer to singlet or triplet 
excitons of either material. The energy dependence of charge separation yield could be explained 
by the presence of a series of CT states of different energy and spatial extent. Moreover, the 
dissociation of an energetic exciton to generate a higher lying CT state could then lead to greater 
spatial delocalization of the charges and a correspondingly lower barrier to charge separation [8, 
19, 20]. 
In order to determine the limiting efficiency of heterojunction solar cells, it is required to 
establish the relationship between the nominal interfacial driving energy (defined here as the 
difference between the LUMO of the donor and the LUMO or conduction band of the 
acceptor,     ), and the charge separation efficiency. This requires the use of suitable model 
systems. Previous studies have focussed on polymer: polymer and polymer: fullerene systems but 
understanding of these systems is limited by the interdependence of the ordering of the two 
materials [6-9]. An alternative system is the hybrid polymer: inorganic heterojunction where a 
nanostructured inorganic phase acts as electron acceptor. Hybrid systems are interesting model 
systems because of the potential for efficient charge separation at low     through the high 
dielectric permittivity of the inorganic phase and correspondingly low Coulombic binding 
energy. For example, one recent study indicated charge generation could result from triplet 
exciton dissociation at an organic lead sulfide interface at a      of only 0.05 eV [21]. 
Previously, hybrid materials were limited by the difficulty of fabricating heterojunctions that 
offered both close interpenetration of phases and high electronic connectivity within the 
inorganic phase. Recently, a precursor based fabrication protocol has been introduced where a 
xanthate precursor is co-processed with the organic phase and then converted into an 
interconnected sulfide network through a low temperature thermal conversion with the release 
of gaseous reaction products [22, 23]. 
Here, polymer:cadmium sulfide (CdS) composite films were prepared through controlled 
in-situ thermal decomposition of a cadmium ethylxanthate pyridine adduct Cd(S2COEt)2.2C5H5N 
(CdPEX) in a polymer film as previously reported [24]. Figure 4.2 shows the absorption spectra 
of CdS: polystyrene film. Polystyrene provides a matrix for the CdS molecules to more accurately 
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represent the spectrum of the cadmium. PS does not absorb in the visible, thus the absorption 
spectrum of CdS NC is obtained when using a polystyrene matrix. 
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Figure 4.2: Steady-state absorption spectra of pristine polystyrene (Black) and CdS:PS blend (red 
trace) following thermal annealing at 160°C. 
 
The chemical structures of the polymers investigated here are shown in Chart 4.1. The 
polymers used are IF-DTBT (Indenofluorene-dithienyl benzothiadiazole) , PCDTBT (poly [N-9 ′ 
-heptadecanyl-2,7-carbazole-alt-5,5-(4 ′ ,7 ′ -di-2-thienyl-2 ′ ,1 ′ ,3 ′ -benzothiadiazole)], SiIDT-BT 
(silaindacenodithiophene- benzothiadiazole), BTT-DPP (benzo [1,2-b:3,4-b’:5,6-d”]trithiophene 
diketo-pyrrolopyrrole), PTB7 (Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-
diyl][3-fluoro-2-[(2 ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]), MEH-PPV (poly[2-
methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene], and P3HT (poly(3-hexylthiophene)).  
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Chart 4.1: Chemical structures of materials: electron donors IF-DTBT, PCDTBT, SiIDT-BT, 
BTT-DPP, PTB7, MEH-PPV, and P3HT. 
Table 4.1 summarises the electron affinity, ionization potential and driving energy for 
each of the samples prepared for spectroscopy and device measurements presented in this 
chapter. 
Polymer    (eV)    (eV)      (eV) 
IF-DTBT 3.73 5.60 0.09 
PCDTBT 3.60 5.50 0.11 
SiIDT-BT 3.68 5.48 0.13 
BTT-DPP 3.60 5.20 0.21 
PTB7 3.31 5.15 0.29 
MEH-PPV 3.00 5.07 0.48 
P3HT 3.20 4.90 0.90 
 
Table 4.1: Electron affinity (  ) of the polymer, Ionization potential (  ) of the polymer and 
driving energy     .                             ] where   ,           and       are 
the singlet energy of the polymer, ionization potential of the donor and conduction band energy 
of the CdS respectively.  
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The absorption spectra of a film containing CdS nanocrystals and polymer is shown in 
Figure 4.3. The appearance of a wide absorption feature below ca. 500 nm can be seen in each 
blend. This feature is attributed to the absorption of CdS nanocrystals [22], and is also seen in 
the absorption spectrum of a thermally annealed CdS: polystyrene (PS) film (shown in Figure 
4.2). It is important to note that this feature is not present in unannealed films, confirming that 
CdS formation occurs only during thermal annealing. It is also visible in Figure 4.3 that each 
spectrum shows both the characteristics of polymer and the CdS. 
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Figure 4.3: Steady-state absorption spectra of pristine polymer (black line) and CdS:polymer 
blends (red line) following thermal annealing at 160°C. A: IFDTBT, B: PCDTBT, C: SiIDT-BT,  
D: BTT-DPP, E: PTB7, F: MEH-PPV, and G: P3HT.  
 
Charge photogeneration process in hybrid organic-inorganic solar cell can be divided into 
two separate issues:  
 the efficiency of exciton quenching at the donor/acceptor interface and  
 the efficiency of dissociation of the resultant polaron pairs into free charges.  
 
Fluorescence spectroscopy can be used to address the first issue. A useful indication of 
the acceptor’s (or donor’s) ability in quenching donor (or acceptor ) excitons can be provided by 
the extent of emission quenching of the pristine donor’s (or acceptor’s) compared to the donor/ 
acceptor blend film. The efficiency of exciton quenching at the CdS: polymer heterojunctions 
was investigated using PL measurements. Typical PL data obtained for CdS:polymer are shown 
in Figure 4.4 as well as those for the corresponding pristine polymer. It is clear from the data 
presented here that the polymer emission is strongly quenched (>85%) for all CdS:polymer 
blends studied.  
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Figure 4.4: Steady state PL measurement for the following neat polymer (black line) and blend 
films (red line): A: IF-DTBT, B: SiIDT-BT, C: PCDTBT, D: MEH-PPV, and E: P3HT.The 
quenching for all the polymers PL is increased upon the addition of cadmium sulphide 
nanocrystals and gets close to unity. The samples were excited at the wavelength of maximum 
polymer absorption. The emission spectra have all been corrected for the number of absorbed 
photons at the excitation wavelength. 
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Figure 4.5 illustrates the PL quenching efficiency  as a function of nominal driving energy 
(    ) for CdS:IF-DTBT, CdS:PCDTBT, CdS:PTB7, CdS:MEH-PPV and CdS:P3HT blend 
films in the spin coating solution. PL quenching provides direct evidence for exciton 
dissociation, and thus efficient PL quenching is necessary to obtain efficient organic solar cells. 
However, this does not necessarily mean that the stronger the PL quenching, the better the 
performance of the solar cells, as discussed later. 
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Figure 4.5: Yield of PL Quenching for five different CdS:polymer blends: CdS:IFDTBT, 
CdS:PCDTBT, CdS:SiIDT-BT, CdS:MEH-PPV, CdS:P3HT- calculated from the reduction in PL 
intensity relative to the pristine polymer, IFDTBT, PCDTBT, SiIDT-BT, MEH-PPV, and 
P3HT. 
 
Studies of PL quenching on organic: fullerene system have reported that the measure of 
yield of fully dissociated charges using this method is not reliable. The reason is that the PL 
quenching is not sensitive in particular to the potential geminate recombination of initially 
generated polaron pairs (or “charge-transfer” states) prior to their dissociation into separated 
charges [6]. Therefore, the presence of long-lived polarons and charge generation need to be 
confirmed and measured by alternative measurement techniques. The yield of long-lived 
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dissociated charges can be monitored by transient absorption spectroscopy on the µs timescale in 
donor: acceptor blend films [25]. But before showing the transient absorption spectroscopy data, 
let’s have a look at the morphology data of different polymer: CdS blend films in order to rule 
out the possibility of different blend microstructure being responsible for the difference in the 
TAS measurements. 
 
 
Figure 4.6: TEM image of CdS:IF-DTBT and CdS:P3HT films. 
Furthermore, almost identical microstructures can be seen for the CdS: IF-DTBT, and 
CdS: P3HT samples, indicating that the differences in charge generation yield between polymers 
cannot be attributed to variation in blend microstructure. This microstructure evidence is 
corroborated by the PL data in Figure 4.5, demonstrating similar PL quenching for all blend 
films. In the next section to obtain direct evidence of the generation of charges in the blend films 
transient absorption spectroscopy was performed. 
Transient absorption spectroscopy (TAS) is a time domain pump-probe technique that 
has frequently been used to characterise the presence and nature of photo-generated species in 
polymer-small molecule and polymer-polymer blends. Experimental details of transient 
absorption spectrometer are given in Chapter 3. Figure 4.7 shows the transient absorption 
spectra taken 10µs after excitation for blends of CdS with different polymer (P3HT, MEH-PPV, 
PTB7, BTT-DPP, SiIDT-BT, PCDTBT, IF-DTBT). It is important to note that no signals are 
seen when investigating pristine polymer films.  
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Figure 4.7: Transient absorption spectra for thin CdS:polymer blend films taken 10 µs after 
excitation at different wavelength (excitation density was 21µJ cm-2). A:CdS:P3HT(980nm), 
B:CdS:MEH-PPV940nm), C:CdS:PTB7(1200nm), D:CdS:BTT-DPP(1160nm), E:CdS:SiIDT-
BT(1100nm), F:CdS:PCDTBT(980nm), G:CdS:IF-DTBT(940nm). 
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The key parameter of this investigation likely to impact PV device performance is the 
yield of long-lived, dissociated polarons which are required of photocurrent generation. Decay 
kinetics for all seven blends were measured at 567 nm and using a laser power of 21 ± 2 μJcm-2 
in the 1 µs- 1ms time range and are shown in Figure 4.8, as the polarons. The polarons is 
calculated using Beer-Lambert law, where     is the observed change in absorbance of the 
sample.  
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Figure 4.8: Transient kinetics (following photoexciation at 567 nm), obtained using a 
probe wavelength to monitor the recombination kinetics of various different polymer:CdS 
composite films P3HT:CdS (black trace), MEH-PPV:CdS (grey trace), PTB7:CdS (blue trace), 
TTB-DPP:CdS (green trace), SiIDT-BT:CdS (yellow trace), PCDTBT:CdS (Orange trace), IF-
DTBT:CdS (pink trace) in a N2 environment. Data have been scaled by the fraction of photons 
absorbed at the pump intensity 21μJcm-2. 
 
Figure 4.9 is a plot of this signal magnitude, corresponding approximately to the yield of 
dissociated polarons, versus the relative free-energy difference for charge separation,      
(defined as the difference between the singlet exciton energy     and the free energy of the 
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dissociated charges (                   ) monitored at 1µs. It is a plot of the correlation 
between transient absorption of the dissociated charges and the driving force for charge 
separation. The charge recombination dynamics were determined by monitoring the decay of the 
photoinduced polaron band of the donor polymer; control measurements performed in aerobic 
and anaerobic conditions being used to confirm that the data are due to photogenerated 
polarons rather than triplets. The probe wavelength was selected to correspond to approximately 
the polaron absorption maximum for the film studied, with contribution from both CdS anion 
and polymer cation. Under these conditions      is proportional to the density of 
photogenerated transient species and the polaron extinction coefficient of the excited state. It is 
noteworthy that the extinction coefficients of the oxidized polymers IF-DTBT and P3HT (either 
end of the      scale) have been measured (see Appendix 1, Figure 9.1) and also previously 
reported to be similar in magnitude (~20,000 and ~26,000 M-1 cm-1 for P3HT and IF-DTBT 
respectively [26, 27]). Thus, the amplitude of the polaron absorbance, corrected for ground state 
absorbance, can be interpreted as a measure of charge generation efficiency. In the case of the 
CdS:polymer films, the transient absorbance at 1 μs is plotted against the nominal driving energy 
for charge separation in Figure 4.9. 
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Figure 4.9: Plot showing the correlation between transient absorption assay of the dissociated 
charges and the energy difference driving force for charge separation for blends of CdS with 
various different polymers (data determined at 1μs). 
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The strong dependence of polaron yield as a function of      for the CdS:polymer 
blends is consistent with the need for additional free energy to enable photoinduced polaron 
pairs to overcome their Coulomb attraction. Similar behaviour has been observed for polymer-
polymer and polymer-fullerene heterojunctions [6]. In those cases, the influence of driving 
energy upon charge separation yield has been rationalized in terms of the excess energy of ‘hot’ 
charge transfer states that may be generated by higher energy photoexcitations. One hypothesis 
is that the hot charge transfer state loses its excess energy through vibrational relaxation leading 
to a greater spatial separation between the electron and hole possibly assisted by disorder in the 
electronic states [28]. Another is that the charge transfer exciton is generated in an electronically 
excited CT state in which the charges are less tightly bound than in the lowest CT state [8, 18, 
29]. In either case, the excess energy increases the spatial separation of charges and reduces the 
barrier to charge separation. Observation of a strong dependence of charge separation yield 
upon      in blends is consistent with the notion of charge separation facilitated by excess 
energy of the photoexcited state.  
It is remarkable that, despite similar PL quenching for all the polymers, the yield of this 
transient absorption signal assigned to long-lived polarons varied by over 1.5 order of magnitude 
between polymer blends studied. P3HT:CdS blend films exhibited the highest yield of long-lived 
polarons. More surprisingly, further analysis based upon estimates of the free energy difference 
for charge separation indicate a significant correlation with charge generation yield. Similar 
behaviour has been observed in polymer: polymer and polymer : PCBM systems. For example, 
Ohkita et al. [6] who identified a minimum value of driving force energy required for charge 
transfer in polythiophene: PCBM blends. 
 
4.3 Conclusion 
 
The most striking conclusion from this study is that, despite the efficient PL quenching 
observed for all the polymer: CdS blend studied, the yield of long-lived, dissociated polarons 
varies by 1.5 orders of magnitude depending upon the polymer employed. This observation 
clearly indicates PL quenching is not a reliable indicator of dissociated charge generation in such 
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blend films. The large variation in charge generation yield between the different polymers 
appears to correlate with estimates of the energy difference      between the polymer singlet 
exciton ES and the dissociated polarons (as given by      ). These observations suggest that, 
at least for the polymer:CdS blend films studied herein, the minimum free energy difference 
required to achieve efficient charge dissociation is significantly larger than that required to 
achieve exciton quenching at the polymer: CdS interface. This in turn has important implications 
for energy level requirements, and specifically LUMO level offset, required to achieve further 
advances in PV device performance. 
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CHAPTER 5 
Results: The Influence of Crystallinity on Charge Separation in 
Polymer: Inorganic Semiconductor Nanocomposite Films 
 
 
 
 
Abstract 
 
In the ideal case, minimum driving force energy (defined here as the difference between the LUMO of the donor 
and the conduction band of the acceptor,     ) is required to separate excitons and bound polaron pairs to 
generate free charges; in this way wasted energy upon exciton splitting would be avoided. However, the data 
presented in the previous chapter has shown the large energetic driving force requirement to achieve the efficient 
charge pair generation at hybrid organic: inorganic heterojunctions. To find a solution to this problem, the precedent 
chapter focused on the influence of crystallinity on the efficiency of charge pair generation at hybrid organic: 
inorganic semiconductor heterojunctions. Transient absorption spectroscopy, X-Ray diffraction, photoluminescence 
quenching, photovoltaic device performance, and electroluminescence measurements were used to demonstrate that 
the dissociation of photogenerated polaron pairs at hybrid heterojunctions is facilitated by the presence of crystalline 
electron acceptor domains. In this chapter, it is proposed that such domains encourage delocalization of the 
geminate pair state. The present findings suggest that the requirement for a large driving energy for charge 
separation is reduced when a more crystalline electron acceptor is used.  
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5.1 Introduction 
 
This chapter focuses on the effect of crystallinity on the charge generation in order to 
find a solution to the observed dependence of interfacial driving energy to generate the charge 
pair at hybrid organic: inorganic solar cells. The results presented in the chapter 4 indicate that 
yield of charge separation is dependent on driving energy (    ). The need for a large      to 
achieve efficient charge separation may influence the overall power conversion efficiency of the 
solar cells (as it can reduce    ) [1-4]. Therefore, it is important to find a ways to reduce the 
dependency of yield of charge generation on     . This chapter considers the influence of 
crystallinity on the charge separation yield in polymer: CdS films.The crystallinity of the inorganic 
component is thought to influence the dissociation of exciton and bound polaron pairs i.e. 
domain size; recent theoretical and experimental work has shown that the size of the acceptor 
domain can drastically alter the charge separation in polymer-fullerene systems [5]. However, the 
influence of the degree of order of domains (crystallinity) upon charge separation has not been 
well studied in hybrid inorganic-organic active layers, although it is known that the morphology 
of the inorganic phase can influence photocurrent generation. Moreover, while the role of 
excitons and bound polaron pairs in polymer: polymer and polymer: fullerene systems is 
relatively well understood [6-9], their role in the mechanism of charge generation at hybrid 
inorganic-organic DA heterojunctions is still unclear. In view of these observations and in 
pursuit of a better fundamental understanding of charge separation in hybrid donor-acceptor 
systems, the key question addressed here is: ‘what design criteria are needed to achieve efficient 
charge separation at donor-acceptor heterojunctions with minimal driving force?’. 
As discussed in chapter 4, a precursor based fabrication protocol has been used where a 
xanthate precursor is co-processed with the organic phase and then converted into an 
interconnected sulfide network through a low temperature thermal conversion with the release 
of gaseous reaction products [10, 11]. The resulting microstructure can be controlled through 
process conditions (composition ratio, temperature, additives) [12, 13]. In particular, the 
inorganic semiconductor crystal growth can be controlled through the addition of Lewis base 
amine solvents [14, 15]. 
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In this chapter, the influence of crystallinity of inorganic phase on the driving energy in 
hybrid polymer: metal sulfide nanocomposite films were investigated, using a series of polymers 
of varying electron affinity to control     , and a sacrificial amine additive to modulate the 
inorganic phase crystallinity. Steady state photoluminescence (PL) and transient absorption 
spectroscopy (TAS) were used to show that the yield of photogenerated charges is correlated to 
the crystallinity of the inorganic acceptor phase, as ascertained by x-ray diffraction (XRD), and 
that an increase in crystallinity reduces the need for a large     . The observations reported in 
this chapter suggest that while the yield of photogenerated charges in hybrid inorganic-organic 
devices depends upon both driving energy and crystallinity, the presence of more crystalline 
inorganic acceptor domains enables efficient charge generation even at extremely low driving 
energies (     < 0.1 eV). The implications of these findings are discussed with relevance to the 
design of all-organic and hybrid DA heterojunction solar cells. 
 
5.2 Semiconductors with “Precursors to  orm Semiconductors” 
 
It is well reported in the literature that the use of n-alkylamine promotes the 
decomposition of metal xanthates. For example, when cadmium ethylxanthate (Cd-EX) on its 
own decomposes at 160° C, and cadmium hexadecylxanthate (Cd-HDA) at 145° C, in 
hexadecylamine (HDA), both decompose well below 100° C. Moreover, cadmium ethylxanthate 
exhibits faster nucleation and growth [14]. Another report by Bashouti et al. [16] used ethylene 
diamine as an intermediate reagent, as well as surfactants for thermal decomposition of a uni-
precursor {[Pb(S2CNEt2)2]2}. The growth in ethylene diamine solutions produced octapods and 
hollowed cubes at elevated temperatures (117 °C) and wires at the lower temperatures (80 °C). 
Han et al. reported that when Sb (C2H5OCS2)3 is added to an ethylenediamine (EDA) solution, 
the clear solution becomes brown and cloudy in several minutes, indicating that decomposition 
of Sb (C2H5OCS2)3 occurred and Sb2S3 was generated [15].  
Furthermore, there are few reports which demonstrate the use of alkylamines for the 
synthesis of CdSe QDs as the sole surfactant. For example, Weller and co-workers [17] obtained 
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CdSe nanocrystals by the reaction of CdMe2 with TOPSe in the mixed solvent of dodecylamine 
and TOP at intermediate temperatures (90-140 °C). In this case, alkylamines are not used for the 
CdSe nanocrystals synthesis as the sole solvent due to the easy decomposition of the Cd 
precursor in amines at elevated temperatures. It is commonly observed that amines promote the 
thermal decomposition of metal carboxylates [18-20]. A failure of the formation of CdSe 
nanocrystals also reported due to a presence of high proportion of amine in the TOPO/amine 
system [21]. Furthermore, Peng reported that the reaction cannot be carried out in amine media 
using cadmium carboxylates as Cd source at a temperature higher than 220 °C; otherwise 
cadmium salts would decompose [22]. The unusual growth kinetics of the CdSe nanocrystals 
were reported by Zhong et al. [23], prepared in oleylamine media. The reason is weak 
coordinating capability of oleylamine [24] which is supported by the findings that cadmium 
carboxylate salts decompose at elevated temperatures in amine media, while they are stable in the 
TOPO/ amines mixture system at higher temperatures [22, 25-28]. 
  
5.3 Results and Discussion 
 
A study using a variety of n-alkylamines to decompose the xanthate precursor was 
conducted. The  molecular structures of the n-alkylamines used in this chapter are displayed in 
Chart 5.1. Hybrid CdS:polymer films were prepared from a chlorobenzene solution containing 
65 mg/ml Cd(S2COEt)2.2C5H5N and 4 mg/ml of the polymer. Films were prepared by spin 
coating at 1000 rpm for 60 seconds. The resultant as-spun films were then annealed in a 
N2 atmosphere at 160°C for 60 minutes. Films with n-alkylamine were prepared with 
Cd(S2COEt)2.2C5H5N and polymer containing the n-alkylamine additive. More detailed 
description is mentioned in chapter 3. 
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Chart 5.1: Chemical structures of n-alkylamine. 
The kinetics of the transient absorption signal and device characteristics of CdS: P3HT 
with and without different n-alkylamine are shown in Figure 5.1 (a) and (b) respectively. This 
study is focus upon the extent to which the transient absorption of charge generation correlates 
with the corresponding device photocurrent densities as shown in Figure 5.2. It is apparent that 
for CdS: P3HT with n-hexylamine resulted in increment in both polaron yield and device 
performance. 
 
 
 
 
 
 
 
Figure 5.1: (a) Transient absorption kinetics at the polaron peak for CdS: polymer blends both 
without and with (1% wt./vol.) alkylamine processing additive in the film-forming solution. 
Excitation was at 567 nm at an energy of 21 ± 2 μJcm-2, (b) Current-Voltage characteristics for 
CdS:P3HT with and without different n-alkylamine (hexylamine, heptylamine, propylamine, 
isopropylamine, sec-butylamine, tert-butylamine, butylamine) where, dashed line and line shows 
current under dark and illumination respectively. 
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Figure 5.2 shows the correlation between the transient absorption assay of charge 
photogeneration and device photocurrent, for all of the n-alkylamine studied in this chapter. The 
y-axis indicates the device photocurrents measured under AM 1.5 simulated irradiation. The x-
axis indicates the transient absorption signal of blend films. It is important to note that     
signal amplitude has been normalized to account for differences in film absorption at the 
excitation wavelength. The clear correlation between     and     indicates that the primary 
determinant of device photocurrent is the efficiency of charge photogeneration. This correlation 
shows that films made with n-alkylamine other than n-hexylamine experience more geminate 
recombination losses which results in the decrease in     and    . In this regard, note that 
polymer: CdS blend, employing n-hexylamine shows highest     value of 7.539% and     value 
of 2.501%. Therefore, n- hexylamine was chosen to understand the effect of amine addition on 
blend films. Table 5.1 summaries the PL quenching efficiency(appendix 2, Figure 10.2),    , 
   , and     obtained for the various n-alkylamine (propylamine, isopropylamine, butylamine, 
sec-butylamine, tert-butylamine, hexylamine, heptylamine) in the P3HT:CdS blend film. 
However as discussed in the precedent chapter, PL quenching is not a reliable measurement for 
charge generation, therefore TAS studies were performed. All these observations are important 
as it suggests that in order to make efficient solar cells from inorganic nanoparticles.  
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Figure 5.2: Correlation between the     of polaron yield measured by TAS and     measured for 
the complete series of n-alkylamine used in this chapter. 
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n-alkylamine PL quenching 
efficiency 
(%) 
                      
(mA/cm
2
)  
PCPCE                                
 
(%) 
No-amine 0.873 1.051 6.221 2.024 
hexylamine 0.881 1.378 7.539 2.501 
butylamine 0.813 1.095 5.577 1.902 
s-butylamine 0.702 0.846 4.885 1.802 
t-butylamine 0.683 0.753 4.882 1.780 
propylamine 0.564 0.532 4.751 1.474 
isopropylamine 0.397 0.505 3.738 1.174 
heptylamine 0.624 0.395 3.473 1.218 
 
Table 5.1: summarizes the PL quenching efficiency,    ,    , and     for a CdS: P3HT films 
in absence and presence of various n-alkylamine (propylamine, isopropylamine, butylamine, sec-
butylamine, tert-butylamine, hexylamine, heptylamine) in the film-forming solution. 
 
The first investigation covers the effect of the n-hexylamine additive on the degree of 
crystallinity of the resultant CdS phase in  hybrid films. To this end, a chosen amount of n-
hexylamine was added to a chlorobenzene solution containing CdPEX and the polymer poly[N-
9’-heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT). 
The resulting solution was then spun cast onto a glass substrate and thermally annealed at 160°C 
under nitrogen for 1 hour. The n-hexylamine is believed to leave the film during spin coating or 
subsequent thermal annealing as no change in the nitrogen profile of the films with and without 
n-hexylamine is observed using time of flight secondary ion mass spectroscopy (ToF-SIMS), see 
Table 5.2, Figure 5.3 and Appendix 2 Figure 10.1, thereby confirming the absence of hexylamine 
in the final CdS: polymer nanocomposite film. 
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Substance Mass (CdS:P3HT) Mass(CdS:P3HT:HA1%) 
C+ 12.00 12.00 
CsC+ 144.94 144.95 
CsN+ 146.94 146.95 
CsO+ 148.95 148.94 
CsNa+ 155.91 155.91 
CsMg+ 156.91 156.91 
CsSI+ 160.91 160.90 
CsS+ 164.90 164.90 
CsCa+ 172.92 172.92 
CsSiO+ 176.90 176.90 
CsCd+ 246.85 246.84 
CsCdS+ 278.83 278.82 
Cs2Cl+ 300.83 300.83 
Table 5.2: TOF-SIMS measurements for CdS:P3HT blend film without and with the presence of 
n-hexylamine. 
 
Figure 5.3: Ratio of nitrogen to cadmium peak area ratio through the coatings for CdS:P3HT 
(black) and CdS:P3HT:HA 1% wt./vol. (red) films. 
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Figure 5.4 shows the XRD traces for the PCDTBT: CdS thin films as a function of n-
hexylamine concentration in the spin coating solution. It is important to notice that the data 
shown in Figure 5.4 has been corrected by subtraction of the polymer and the glass 
contributions. The XRD patterns of the CdS samples are consistent with a wurtzite hexagonal 
phase structure (JCPDS 41-1049). The four peaks with 2θ values of 51.8, 47.8, 43.6 and 36.6 
correspond to the (112), (103), (110) and the (102) planes of the hexagonal phase of CdS. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4: (a) JCPDS 41-1049 spectrum d for the CdS wurtzite hexagonal structure. (b)-(e) x-ray 
diffraction data for the CdS:polymer samples (here PCDTBT) as a function of hexylamine 
concentration in the film-forming solution: (b) 0%, (c) 0.25%, (d) 1%, (e) 1.5% wt./vol.. 
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It is apparent from the data presented in Figure 5.4 that the peaks become progressively 
sharper and better defined as the concentration of n-hexylamine is increased, an observation 
consistent with an increase in the CdS crystallite size. Furthermore, the appearance of the (100) 
diffraction peak at 2θ = 24.8 upon addition of n-hexylamine in the spin coating solution further 
indicates an increase in crystallinity of CdS. However, it is pertinent to note that the appearance 
of broad peaks as observed here is consistent with nanometer-sized crystallites or with a broad 
range of crystallite sizes including a nanometer sized fraction. In the case of a monodisperse 
distribution of spherical nanoparticles, the nanoparticle diameter can be calculated from the 
Debye Scherrer equation: 
                                                                     
  
     
                                                              Equation 5-8 
 
where L is the crystal grain size in a particular direction corresponding to the (hkl) plane, 
K is the shape factor and usually taken to be 0.9 for unknown structure, λ is the X-ray 
wavelength of the x-ray radiation 0.154 nm from a copper source, β is the full width half maxima 
(FWHM) of the peak along a given diffraction direction and θ is the Bragg diffraction angle. 
The Gaussian fit of the x ray diffraction spectrum (Appendix2, Figure 10.3) has been 
used to find the full width at half maximum (FWHM). This enables the estimation of the crystal 
grain size of cadmium sulphide in the blend of CdS: PCDTBT with different amounts of n-
hexylamine. The crystal size was estimated using the (110) peak of the nanocrystal. 
Table 5.2 shows the value of the FWHM obtained from the Gaussian curve fitting and 
the calculated diameter of the crystal grain size for each blend. It is clear from the calculated 
diameter size of the crystal that the crystallinity of the crystal increases with an increasing amount 
of n-hexylamine in the blend films. XRD studies on poly[3-hexylthiophene] (P3HT): CdS films 
in the absence and presence of n-hexylamine have been done and revealed a similar trend 
increase in the CdS crystal diameter increase. 
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Table 5.3: FWHM and crystal diameter for CdS:PCDTBT without and with n-hexylamine 0.25%, 
0.5%, 1%, 1.5%, and 2% wt./vol in blend films. 
 
 
 
 
 
 
 
 
 
Figure 5.5: JCPDS 41-1049 spectrum for the CdS wurtzite hexagonal structure, and x-ray 
diffraction data for CdS:P3HT samples without and with 1% n-hexylamine added to the starting 
solution. 
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A range of different polymers were employed as electron donors (shown in Chart 5.2) in 
conjunction with CdS nanocrystals as the electron acceptor. The polymers IF-DTBT 
(Indenofluorene-dithienyl benzothiadiazole) , PCDTBT (poly [N-9 ′ -heptadecanyl-2,7-carbazole-
alt-5,5-(4 ′ ,7 ′ -di-2-thienyl-2 ′ ,1 ′ ,3 ′ -benzothiadiazole)], SiIDT-BT (silaindacenodithiophene- 
benzothiadiazole), BTT-DPP (benzo [1,2-b:3,4-b’:5,6-d”]trithiophene diketo-pyrrolopyrrole), 
PTB7 (Poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b']dithiophene-2,6-diyl][3-fluoro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]), MEH-PPV (poly[2-methoxy-5-(2’-
ethylhexyloxy)-p-phenylene vinylene], and P3HT (poly(3-hexylthiophene)), when blended with 
nanocrystal of CdS, allow access to a range of charge separated state energies from 0.09eV to 
around 0.9eV.  
 
          
 
Chart 5.2: Chemical structures of materials: electron donors IF-DTBT, PCDTBT, SiIDT-BT, 
BTT-DPP, PTB7, MEH-PPV, and P3HT. 
 
Figures 5.6 and 5.7 illustrates the steady state absorption characteristics of the CdS: 
polymer blends and pristine polymers investigated in this study. Figure 5.6 shows the absorption 
spectra of (a) CdS:PS (polystyrene) films and (b) CdS:P3HT films in the absence and presence 
(0%, 0.25%, 0.50%, 1%, 1.5%, and 2% wt./vol.) of the n-hexylamine additive in the spin coating 
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solution. Both Figures 5.6 and 5.7 exhibit the characteristic absorption of the respective polymer 
along with a shoulder at ~ 450 nm which can be attributed to the absorption edge of the CdS 
[10]. Furthermore, it is apparent that the addition of the n-hexylamine results in little or no 
change in the absorption characteristics of the blend films. This absence of any shift in 
absorption edge due to quantum size effects confirms that the coherence lengths obtained from 
XRD are indicate of CdS crystal quality rather than typical nanoparticle size.  
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Figure 5.6: Steady state absorption spectra of a) CdS:Polystyrene films and b) CdS:P3HT both 
without and with different amounts of n-hexylamine processing additive (0.1%, 0.25%, 0.5%, 1%, 
1.5% and 2% wt./vol.) in the film-forming solution following thermal annealing at 160°C. 
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Figure 5.7: Steady state absorption spectra of in-situ grown CdS with the series of different 
polymer blend films both without and with (1% wt./vol.) n-hexylamine processing additive in the 
film-forming solution following thermal annealing at 160 °C.  
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PL measurements were performed to evaluate the efficiency of exciton quenching at the 
CdS: polymer heterojunctions; PL quenching is a condition necessary, but not sufficient for 
charge generation. Typical PL data obtained for CdS:P3HT with different ratio of n-hexylamine 
is shown in Figure 5.8 along with data obtained for the corresponding pristine polymer. The 
highest amount of photoluminescence quenching of about 90% with respect to the emission of 
pristine polymer was observed in blends of CdS: P3HT: n-hexylamine (1% wt./vol.).  
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Figure 5.8: Steady state emission spectra of pristine P3HT, and CdS:P3HT blend films without 
and with different amount of n-hexylamine processing additive in the film-forming solution. The 
data is presented normalised to the pristine polymer PL intensity. Excitation wavelength for the 
samples were 555 nm. 
 
Typical PL data obtained for CdS:polymer blends as well as for the corresponding 
pristine polymers is shown in Figure 5.9. It is clear from the data presented here that the polymer 
emission is strongly quenched (>85%) for all CdS:polymer blends studied. Figure 5.9 shows the 
PL quenching) for CdS:IF-DTBT, CdS:PCDTBT, CdS:PTB7, CdS:MEH-PPV and CdS:P3HT 
blend films in the absence and presence of 1% n-hexylamine in the spin coating solution.  
 
 
Transient Optical Characterization of Hybrid Polymer: Inorganic Nanocomposite Films 
For Use in Photovoltaic Devices. 
 
 
                                                                                 Neha Bansal  
--------Page 140-------- 
 
450 500 550 600 650 700 750 800 850
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
P
L
 i
n
te
n
s
it
y
Wavelength/ nm
 IFDTBT
 CdS/IFDTBT
 CdS/IFDTBT/Hexylamine (1%)
        
550 600 650 700 750 800
0.0
0.2
0.4
0.6
0.8
1.0
P
L
 i
n
te
n
s
it
y
Wavelength/nm
 MEH-PPV
 CdS/MEH-PPV
 CdS/MEH-PPV/Hexylamine (1%)
 
500 550 600 650 700 750 800
0.0
0.2
0.4
0.6
0.8
1.0
1.2
P
L
 i
n
te
n
s
it
y
Wavelength/nm
 SiTPT-BT
 CdS/SiTPT-BT
 CdS/SiTPT-BT/Hexylamine (1%)
        
600 650 700 750 800
0.0
0.2
0.4
0.6
0.8
1.0
1.2
P
L
 i
n
te
n
s
it
y
Wavelength/nm
 P3HT
 CdS/P3HT
 CdS/P3HT/Hexylamine 1%
 
500 550 600 650 700 750 800
0.0
0.2
0.4
0.6
0.8
1.0
1.2
P
L
 i
n
te
n
s
it
y
Wavelength/nm
 PCDTBT
 CdS/PCDTBT
 CdS/PCDTBT/HA1%
 
Figure 5.9 (a-e): Steady state emission spectra of pristine polymers, and CdS:polymer blend films 
both without and with (1% wt./vol.) n-hexylamine processing additive in the film-forming 
solution. The data is presented normalised to the pristine polymer PL intensity. Excitation 
wavelength for the samples were 555 nm (P3HT), 510 nm (MEH-PPV), 570 nm (PCDTBT), 570 
nm (IF-DTBT), 550 nm (SiTPT-BT). 
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Figure 5.10 illustrates the PL quenching efficiency (PLQ) as a function of nominal driving 
energy (    ) for CdS:IF-DTBT, CdS:PCDTBT, CdS:PTB7, CdS:MEH-PPV and CdS:P3HT 
blend films in the absence and presence of 1% n-hexylamine in the spin coating solution. PL 
quenching efficiency has been measured by using equation: PLQ = 1- [PLblend/PLpristine].  It is 
important to note that the exciting wavelength was carefully chosen between 510nm-570nm to 
excite the polymer selectively and not the CdS. It is apparent from Figure 5.10 that the 
magnitude of the PL quenching is largely unaffected by the addition of n-hexylamine; high PLQ 
values were observed in both cases (0% versus 1% n-hexylamine concentrations). Thus the PL 
quenching shows negligible dependence upon either driving force or crystallinity. 
 
 
 
 
 
 
 
 
 
Figure 5.10: shows the analogous PL quenching efficiency data for a series of CdS: polymer films 
in absence (black squares) and presence (red circles) of 1% n-hexylamine processing additive in 
the film-forming solution. 
 
To obtain direct evidence for photoinduced charge generation, TAS measurements were 
performed. Experimental details of transient absorption spectrometry are given in chapter 3. 
Pulsed laser excitation of the CdS: polymer films resulted in the appearance of transient 
absorption bands consistent with polaron formation (see Figure 4.7, in Chapter 4).  
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Figure 5.11: Transient absorption kinetics at the polaron peak for CdS: polymer blends both 
without and with (1% wt./vol.) n-hexylamine processing additive in the film-forming solution. 
Excitation was at 567 nm at an energy density of 21 ± 2 μJcm-2. The probe wavelengths were 980 
nm ((a) P3HT and (b) PCDTBT). 
 
In the case of CdS:P3HT, and CdS:PCDTBT blends shown in Figure 5.11 (a) and (b), 
the photoinduced polaron yield and charge reaction dynamics were determined as a function of 
HA concentration i.e., 0.1%, 0.25%, 0.5%, 1%, 1.5%, and 2% wt./vol. It is apparent that 
increasing the amount of n-hexylamine increases the polaron yield in the blend films. This shows 
that the blend with the highest amount of n-hexylamine offers more probability for the 
photogenerated excitons to reach an interface and undergo charge separation.  
However, it is apparent that the addition of 2% wt./vol. of n-hexylamine in the blend 
films reduces the charge photogeneration yield. Therefore, 1%  wt./vol. hexylamine in volume 
was used for the remainder of the spectroscopic studies presented in this chapter. The excitation 
wavelength used for all the polymer was at 567 nm at an energy density of 21 ± 2 μJcm-2. It is 
important to note that the excitation wavelength was carefully chosen to excite the polymer 
selectively and not the CdS. The probe wavelengths used were 950 nm (SiTPT-BT), 1160 nm 
(TTB-DPP), 940 nm (IF-DTBT), 1200 nm (PTB7), 980 nm (PCDTBT and P3HT), and 940 nm 
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(MEH-PPV). The results in Figure 5.12 shows a significant improvement in all the CdS: polymer 
blend films after addition of n-hexylamine.  
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Figure 5.12: Transient absorption kinetics at the polaron peak for CdS:polymer blends both (a) 
without and (b) with (1% wt./vol.) n-hexylamine processing additive in the film-forming 
solution. Excitation was at 567 nm at an energy density of 21 ± 2 μJcm-2. The probe wavelengths 
used are 950 nm (SiTPT-BT), 1160 nm (TTB-DPP), 940 nm (IF-DTBT), 1200 nm (PTB7), 980 
nm (PCDTBT and P3HT), and 940 nm (MEH-PPV). 
 
The charge recombination dynamics were determined by monitoring the decay of the 
photoinduced polaron band of the donor polymer; control measurements performed in aerobic 
and anaerobic conditions indicate that the data presented in Figure 5.10, 5.11 and 5.12 are due to 
photogenerated polarons rather than triplets. The example of CdS: P3HT with and without the 
presence of n-hexylamine below shows identical charge recombination data in Figure 5.13 and 
Appendix 2, Figure 10.4, suggesting that the transient absorption band is due to polymer 
polarons rather than triplets. 
a) b) 
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Figure 5.13: Transient absorption kinetics at the polaron peak for CdS:P3HT blends both without 
and with (1% wt./vol.) hexylamine processing additive in the film-forming solution. Excitation 
was at 567 nm at an energy of 21 ± 2 μJcm-2. The probe wavelengths were  980 nm. 
 
It is also noteworthy that the extinction coefficients of the oxidized polymers IF-DTBT 
and P3HT (either end of the      scale) have previously been reported to be similar in 
magnitude (~20,000 and ~26,000 M-1 cm-1 for P3HT and IF-DTBT respectively [29, 30]). Thus, 
the amplitude of the polaron absorbance, corrected for ground state absorbance, can be 
interpreted as a measure of charge generation efficiency. As reported in the previous chapter in 
detail, in the case of the CdS: polymer films which do not contain n-hexylamine (less crystalline 
CdS), the transient absorbance at 1 μs is plotted against the nominal driving energy for charge 
separation in Figure 5.14. For this series, a strong dependence of     upon      is observed: 
reducing      by 0.8 eV and resulting in approximately a two orders of magnitude reduction in 
the polaron absorbance. 
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Figure 5.14: magnitude of the transient absorption signal (at 1 μs) as a function of driving energy 
for a series of CdS:polymer films in absence (black squares) and presence (red circles) of 1% n-
hexylamine processing additive in the film-forming solution. 
 
Given that the exciton dissociation efficiency, monitored through PL quenching, is 
insensitive to      this observation is consistent with either the geminate recombination of 
bound charge pairs prior to separation or the failure of exciton dissociation to generate charges 
efficiently. The trapping of charge pairs in CT states has been observed previously in polymer: 
fullerene systems [31] but only rarely suggested in inorganic: organic blends [32]. The increase in 
the yield of long-lived charges as a function of increasing      appears to be consistent with 
more efficient dissociation of the charge transfer state into free carriers when the driving force is 
higher, thereby avoiding parasitic geminate recombination losses [31]. 
Modulation of the crystallinity of the inorganic CdS phase using n-hexylamine results in 
some remarkable changes in the yield of photogenerated charges as ascertained by TAS. Indeed, 
the magnitude of the TAS yield increases with increasing crystallinity of the inorganic phase, as 
shown in Figure 5.14. It is important to notice that the transient absorption spectra are 
unchanged by the addition of n-hexylamine, indicating the same photoexcited species are 
observed. Whilst the effect is apparent for all of the polymers examined in this study, the relative 
increase in the yield of photogenerated charges is greatest when      is small and the efficiency 
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of charge generation without n-hexylamine is correspondingly small. For example, in the case of 
CdS: PCDTBT (     ≈ 0.1 eV) the transient absorption signal magnitude at 1 μs increases from 
0.1     to 1.2     (a 12-fold increase) upon addition of 1% n-hexylamine (see Figure 5.12 
(b)). In contrast, for CdS:P3HT (     ≈ 0.9 eV) a relatively small 1.5-fold increase in the yield of 
long-lived charges is observed (see Figure 5.12 (a)). A plot of the transient absorption signal 
amplitude at 1 μs versus      is shown in Figure 5.14 for blends processed with the addition of 
1% in volume of n-hexylamine. From this plot it is clear that the yield of charge photogeneration 
is essentially independent of      for the series of CdS: polymer films formed in the presence of 
1% n-hexylamine, in contrast to the case without n-hexylamine. The strong dependence of 
polaron yield as a function of      for the n-hexylamine free CdS: polymer blends is consistent 
with the need for additional free energy to enable photoinduced polaron pairs to overcome their 
Coulomb attraction. Polymer: polymer and polymer: fullerene heterojunction have shown a 
similar behaviour [6]. In these cases, driving force energy influence upon yield of charge 
separation has been rationalized in terms of the excess energy of ‘hot’ charge transfer states that 
may be generated by higher energy photoexcitations. One proposal is that the charge transfer 
exciton is generated in an electronically excited CT state in which the charges are less tightly 
bound than in the lowest CT state [8, 33, 34]. Another is that the hot charge transfer state loses 
its excess energy through vibrational relaxation leading to a greater spatial separation between the 
electron and hole possibly assisted by disorder in the electronic states [35]. In either case, the 
excess energy increases the spatial separation of charges and reduces the barrier to charge 
separation. Observation of a strong dependence of charge separation yield upon      in blends 
with a less crystalline inorganic phase is consistent with the notion of charge separation 
facilitated by excess energy of the photoexcited state. However, the effect of increased      is 
significantly less pronounced in blends with more crystalline CdS: in these cases, efficient charge 
separation is achieved with nominal driving energies as small as 0.1 eV. This behaviour might 
result from an influence of n-hexylamine on the interfacial energetics, increasing the actual      
above the nominal value, or it might result from increased crystallinity of the inorganic 
component upon n-hexylamine addition with concomitant increased delocalisation of the CT 
states. A third possible explanation could be an increase in polymer or CdS domain size upon n-
hexylamine addition, leading to the availability of more delocalised states or more escape routes 
from the interface [7]. Let’s consider each of these possible explanations in more detail. 
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To rule out the possibility of different blend microstructure upon n-hexylamine addition, 
TEM images of CdS:P3HT films were obtained as a function of n-hexylamine concentration (see 
Figure 5.15). These data show that n-hexylamine addition results in little or no change in the 
blend film microstructure.  
 
 
Figure 5.15: Transmission electron micrographs of CdS:P3HT films with different ratios of 
hexylamine: (a) 0%, (b) 0.1%, (c) 0.5%, (d) 1% wt./vol. The dark regions show the presence of 
CdS nanoparticles. 
 
Furthermore, almost identical microstructures can be seen for the CdS: IF-DTBT and 
CdS:P3HT samples, indicating that the differences in charge generation yield between polymers 
(see Figure 5.16) cannot be attributed to variations in blend microstructure. This microscopic 
evidence is corroborated by the PL data in Figure 5.10, demonstrating similar PL quenching for 
all blend films. 
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Figure 5.16: Transmission electron micrographs of CdS:IF-DTBT films with different ratios of 
hexylamine: (a) 0%, (b) 1% wt./vol. The dark regions show the presence of CdS nanocrystals. 
 
To address whether the improved charge separation originates from a change in 
interfacial energetics upon processing with n-hexylamine, electroluminescence (EL) spectroscopy 
were used to estimate the energy of the  charge transfer state at the polymer: CdS interface. EL 
has previously been used to determine the energy of emissive charge transfer states in polymer-
fullerene solar cells [36-40]. For CdS: P3HT samples processed with and without n-hexylamine, 
(see Figure 5.17 (a)) a broad emission peak was found at a photon energy E ≈ 1.1 eV, which is 
substantially below the absorption edge of both P3HT and CdS and the luminescence peak of 
P3HT. No electroluminescence was observed from pure CdS devices, indicating that the 
emission does not originate from defect states in the CdS. Thus, this measurement provides 
direct evidence for the existence of interfacial CT states at inorganic-organic heterojunctions, 
which has so far been rarely reported in literature [32, 41]. The fact that the EL spectrum is 
insensitive to the use of n-hexylamine is a confirmation that the additive does not change the 
interfacial energy line-up and therefore does not influence the driving energy for charge 
separation,     .  
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Figure 5.17: (a) Comparison of the normalized electroluminescence intensity for two CdS:P3HT 
solar cells with (1% wt./vol.) and without n-hexylamine measured at an injection current of I = 2 
mA (corresponding to J ≈ 44 mAcm-2 at a pixel size of 0.045 cm2). The electroluminescence 
spectra show charge transfer emission as the emission of the blend is much lower in energy than 
both the emission from the P3HT (around 1.75 eV) and the CdS. (b) diagram showing the 
energetic origin of the CT state emission.  
 
Finally, the effect of inorganic component crystallinity on charge separation was 
addressed. The XRD data presented in Figure 5.2 show that the degree of crystallinity of the CdS 
phase increases on n-hexylamine addition. If the XRD peak widths could be interpreted in terms 
of a monodisperse crystallite size then a change in microstructure should be observed and a 
progressive red shift of the CdS absorption edge as n-hexylamine is added. However, the TEM 
images of blend films (see Figures 5.15 and 5.16) and the absorption spectra of CdS films and 
blends (see Figures 5.6(b) and 5.7) show that the film microstructure and absorption spectra, 
respectively, appear unchanged by n-hexylamine. In addition, the absorption edge of the CdS 
phase becomes sharper upon n-hexylamine addition in the case of polystyrene: CdS blends (see 
Figure 5.6 (a)) indicating the removal of defect states. Thus the role of the n-hexylamine is to 
improve the quality and size of pure CdS crystallites that form within a heterogeneous 
amorphous–crystalline CdS phase. Such enlarged domains of high quality crystalline CdS 
domains can be expected to support charge transfer states in which the electron is more 
delocalized within the CdS, resulting in a lower Coulomb binding energy and correspondingly 
P3HT 
CdS 
(b) 
CT state 
emission 
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easier separation of the charges away from the interface. The fact that efficient charge separation 
occurs at driving energies as low as 0.1 eV when the CdS crystallinity is high enough suggests 
that the threshold for charge separation at hybrid interfaces is lower than at organic: organic 
interfaces, possibly on account of the higher dielectric permittivity. Within a simple picture of 
Coulombic binding, a Coulomb binding energy of 0.1 eV or less corresponds to a charge 
separation distance of 1.4 nm or more, in a medium of the relative dielectric permittivity [42] of 
CdS (of value 9 – 10). When n-hexylamine is added, crystalline CdS domains of sufficient size are 
generated. In the case of organic junctions of relative dielectric permittivity of around 3, facile 
charge separation would require charge delocalization over larger distances, of approximately 5 
nm in size or greater, and highly crystalline organic domains of such sizes are not readily formed. 
Therefore it’s been proposed that in the case of an organic: crystalline inorganic junction the 
Coulomb barrier for charge separation is relatively low compared to organic heterojunctions, and 
can be overcome provided that crystalline inorganic domains large enough to allow charge 
delocalization within the CT state are present. In cases where the inorganic crystallites are 
insufficiently large, the Coulomb binding energy is increased in accordance with the reduced 
charge delocalization distance, and the available driving force now determines whether or not the 
charge pairs can separate efficiently. In the case of a large     , the Coulomb binding energy 
due to electron trapping in a small crystallite may be overcome while in the case of a low 
     and small crystallites, the charges remain bound. Such a phenomenon is schematically 
depicted in Figure 5.18. This picture would explain the observed dependence of charge 
separation efficiency on both crystallinity and driving energy.  
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Figure 5.18: In the case of low      and small CdS crystallites (a) the charges remain bound 
leading to enhanced geminate recombination losses and therefore a lower yield of charge 
photogeneration. At low driving energies (    ) the generation of polarons is facilitated by 
larger CdS crystallites (b).  
On the basis of these observations, it is expected that the improved charge separation 
yields (as a result of increasing crystallinity) should result in increased current generation and 
therefore improved device performance. Such an improvement in photocurrent generation and 
device performance is clearly demonstrated for CdS:P3HT as illustrated in Figures 5.20. 
 
5.4 Photovoltaic devices with and without n-hexylamine 
 
Photovoltaic devices were fabricated using an ‘inverted’ architecture as described in 
chapter 3. Addition of n-hexylamine in the active layer of CdS:P3HT devices improved the 
+-
+-
+
-
Polymer donorInorganic 
acceptor
Polymer donorInorganic
acceptor
-
+
-
+
+
(a)
Larger (~ 4 nm) size
CdS crystals
Smaller  (~ 1 nm) size
CdS crystals
(b)
CT
state
CT
state
+
-
-
Transient Optical Characterization of Hybrid Polymer: Inorganic Nanocomposite Films 
For Use in Photovoltaic Devices. 
 
 
                                                                                 Neha Bansal  
--------Page 152-------- 
 
power conversion efficiency from 2.0% to 2.5%. The improvement in device CdS:P3HT:n-
hexylamine performance was due to an increase in current density from 6.221 mA/cm2 to 7.539 
mA/cm2 as shown in Figure 5.19 and Table 5.4. 
 
 
 
 
 
 
 
 
Figure 5.19: Current-Voltage characteristics for CdS:P3HT:HA (0% (Red trace), 0.1% (yellow 
trace), 0.25% (olive trace), 0.5% (cyan trace), 1% (blue trace), 1.5% (black trace), active layer 
devices (glass/ITO/TiO2/CdS seed layer/ active layer/PEDOT: PSS/ Ag electrode) under 
AM1.5 solar irradiation. 
       
(A)  
    
(mA/cm
2
)  
     
(V)  
Fill 
Factor  
Power 
Conversion 
Efficiency 
(%)  
CdS:P3HT  2.799E-4  6.221  0.741  0.439  2.024  
CdS:P3HT:HA 0.1%  2.833E-4  6.297  0.739  0.443  2.060  
  CdS:P3HT:HA 0.25%  2.785E-4  6.190  0.756  0.462  2.161 
CdS:P3HT:HA 0.5%  2.972E-4 6.604  0.793  0.435  2.278 
    CdS:P3HT:HA 1%  3.392E-4  7.539  0.788  0.420  2.501 
CdS:P3HT:HA 1.5%  3.863E-4  8.585  0.707  0.419  2.534 
Table 5.4: Current-Voltage characteristics for CdS:P3HT:HA (0%, 0.1%, 0.25%, 0.5%, 1%, 1.5 
wt./vol.), active layer devices (glass/ITO/TiO2/CdS seed layer/ active layer/PEDOT: PSS/ Ag 
electrode) under AM1.5 solar irradiation. 
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Even more interestingly, when n-hexylamine is blended any of the different CdS: 
polymer mixtures (see Figure 5.20 (b)), they showed improvement in device performance in 
comparison to the blends films without n-hexylamine (Figure 5.20 (a)). 
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Figure 5.20: Current-Voltage characteristics for CdS:Polymer blend (CdS:P3HT (black trace), 
CdS:PTB7 (violet trace), CdS:MEH-PPV (grey trace), CdS:SiTPT-BT (yellow trace), 
CdS:PCDTBT (orange trace), CdS:IFDTBT (magenta trace)) a) without and b) with n-
hexylamine active layer devices (glass/ITO/TiO2/CdS seed layer/ active layer/PEDOT: PSS/ 
Ag electrode) under AM1.5 solar irradiation. 
 
5.5 Conclusion 
 
This first part of this study consisted in testing different n-alkylamine as additives in 
polymer: inorganic nanocrystal blend films. A strong correlation between     and     strongly 
indicates that the CdS: P3HT with hexylamine generates improves the device efficiency in 
comparison with other alkylamine studied herein. These films were examined by using PL 
spectroscopy and transient spectroscopy, similar results were obtained. It was noticed that the n-
hexylamine helps to improve the crystallinity of the inorganic acceptor in the CdS: polymer blend 
film. Further experiments suggest that the energy cost associated with separating excitons and 
bound polaron pairs can be reduced by the use of more crystalline donor-acceptor architectures. 
a) b) 
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In the current case, it is likely that the more crystalline acceptor helps charge delocalization, 
thereby easing the requirement of excess thermal energy and offering a potential design strategy 
to optimize charge separation and device performance. Although the advantage of domain 
crystallinity for charge separation has also been observed in organic junctions [9], the binding 
energy in organic junctions of the same dimensions or degree of crystallinity is higher than in 
hybrids on account of the lower dielectric permittivity, and the cost of charge separation is 
greater. The results presented here indicate that, with controlled microstructure, hybrid systems 
may achieve charge separation at an energetic cost that is some few tenths of an eV lower than 
for organic heterojunctions. 
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CHAPTER 6 
 
Results: Solution processed polymer: inorganic semiconductor 
solar cells employing Sb2S3 as a light harvesting and electron 
transporting material 
 
 
 
Abstract 
 
In this chapter, a strategy for the fabrication of photoactive layers composed of semiconducting Sb2S3 nanocrystals and a 
P3HT polymer is reported. The hybrid films are formed by means of an in-situ low-temperature thermal decomposition of a 
solution-processable antimony xanthate precursor in a polymer film. The growth of Sb2S3 nanocrystals was confirmed by 
steady-state optical and Raman spectroscopy, and transmission electron microscopy measurements. Transient absorption 
spectroscopy and external quantum efficiency measurements of devices suggest that charge separation and current generation in 
Sb2S3:P3HT -based devices results mainly from Sb2S3 light absorption and subsequent hole transfer from the inorganic 
semiconductor to the organic hole transporting material. The results reported in this chapter indicate that Sb2S3 nanocrystals 
can function as an electron transport material and aid in light absorption in solution processed polymer solar cells. 
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6.1 Introduction 
 
To date, a variety of inorganic semiconductors have been used in solution processed 
polymer solar cells including metal oxides, sulfides and selenides to take advantage of the 
properties of both organic and inorganic materials, for example the possibility to tune both the 
electronic and structural properties [1-7]. Among them, metal chalcogenide nanocrystals are 
especially attractive for use in photovoltaic device applications as they offer the potential to 
extend the light harvesting capability of the device into the near infrared region of the solar 
spectrum. For example, impressive solar-light to electrical power conversion efficiencies have 
been recently reported for photovoltaic devices based upon CdSe:PCPDTBT (> 3%) [5, 8] and 
CdS:P3HT (4.1 %) nanocomposite films [6]. Sb2S3 (n-type) also seems to have great potential as 
an inorganic semiconductor for use as electron acceptor in photovoltaic devices due to its band-
gap value (1.7-1.8 eV) and high absorption coefficient (~ 1.8 ×105cm-1 at 450 nm) [9]. 
Consequently, Sb2S3 has widely been explored in solid-state nanocrystal-sensitized and extremely 
thin absorber (ETA) solar cells as a light harvesting material [10-16]. For example, Moon et al. 
reported a power conversion efficiency of 3.1% using solid state Sb2S3-sensitized solar cells 
fabricated using mesoporous(mp)-TiO2, Sb2S3 and spiro-MeOTAD(2,2′,7,7′-tetrakis(N,N-di-
pmethoxyphenylamine)-9,9′-spirobi fluorene) [12]. A higher efficiency of 3.4% (under 1% sun 
irradiation) was achieved by Itzhaik et al with Sb2S3:CuSCN ETA solar cells [10]. Another recent 
paper by Chang et al reported power conversion efficiency of 5.13% employing Sb2S3 sensitized 
mp-TiO2 in conjugation with a P3HT hole conductor [13]. Furthermore, Sb2S3-based systems 
have shown particulate promise, with a class-record energy conversion efficiency of  6.3%  
reported for the TiO2/Sb2S3/PCPDTBT (poly(2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-
b;3,4b’]dithiophene) alt-4,7(2,1,3-benzothiadiazole)) system [13, 17]. 
Further improvement in the performance of TiO2/Sb2S3/P3HT solar cells have been 
demonstrated through the incorporation of PCBM in the polymer. This improvement has been 
attributed to recover the     lost by P3HT co-absorption in Sb2S3-sensitized heterojunction 
solar cells by the formation of electron channels in a hole-conducting material. The authors of 
this study have shown that the newly constructed PCBM electron channel bridging mp-TiO2 and 
P3HT could additionally transfer the charge carriers generated in P3HT to mp-TiO2. 
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Furthermore, they have also demonstrated panchromatic light harvesting in 
TiO2/Sb2S3/PCPDTBT (PCBM) devices [15]. 
So far, no bulk heterojunction using Sb2S3 had been reported which is different to ETA 
cells. In this thesis, strategy for the fabrication of hybrid organic-inorganic films with a 
photoactive layers composed of semiconducting Sb2S3 nanocrystals and P3HT is reported. An 
efficient way to address challenges in the design of high-performance hybrid solar cells using 
these materials is proposed. The key challenges and the proposed solutions are: 
 
(i) The development of new fabrication routes for hybrid thin films that enable the 
achievement of high yields of charge separation whilst maintaining good electrical 
connectivity between the inorganic nanocrystals in the photoactive layer.  
 
The fabrication method used in this chapter is developed for CdS based BHJ and 
described earlier, namely the in-situ thermal decomposition of a single source metal xanthate 
precursor in a polymer film. The use of metal xanthate (or metal o-alkyl dithiocarbonate) 
precursors for the in-situ growth of metal sulfide nanocrystals in polymer films is of particular 
interest due to their high solubility, low decomposition temperature and the volatility of the side 
products generated upon thermal decomposition [18]. As such, implementation of this design 
strategy in the fabrication of CdS:P3HT and CuInS2:polymer nanocomposite films and 
demonstrated efficient charge photogeneration at the donor – acceptor heterojunction [18-20]. 
 
(ii) Another challenge is the development of alternative inorganic electron acceptors that 
exhibit light harvesting properties superior to the typically used cadmium-based materials. 
 
In this study, Sb2S3 nanocrystals have been employed both as a light absorber and an 
electron-transporting material in solution processed polymer blend solar cells. As shown in 
Figure 6.1, Sb2S3 absorption is more red-shifted when compared with the one of cadmium 
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sulphide. Thus more light can be harvested using an antimony based sulphide than with a 
cadmium-based materials. 
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Figure 6.1: Absorption spectra of thin films of polystyrene (PS) blended with Sb2S3 (black curve) 
and PS blended with CdS (red curve) after annealing under N2 at 160 ºC.  
A combination of steady state and time-resolved optical spectroscopy, transmission 
electron microscopy and Raman techniques are used to characterize the nanomorphology and 
photo-induced interfacial charge transfer in the Sb2S3:P3HT nanocomposite films. Transient 
absorption spectroscopy measurements provide evidence for charge separation at the 
Sb2S3:polymer heterojunction. Discussion of the implications of findings for the design of hybrid 
inorganic – organic solar cells is done in section 6.3. 
 
6.2 Proof-of-Principle of Sb2S3:P3HT Heterojunction 
 
For this study, Sb2S3:P3HT films were prepared via spin coating a chlorobenzene 
solution containing the precursor and the P3HT polymer. The resultant films were thermally 
annealed at 160 °C to decompose the precursor and to generate the Sb2S3 nanocrystals in the 
polymer film. Microsecond to millisecond laser based transient absorption spectroscopy was 
used to determine the yield of charge pair generation and the charge recombination dynamics 
following photoexcitation of the photoactive layer (Sb2S3:P3HT films) [21]. Details of the 
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transient absorption apparatus have been described previously in chapter 3. Figure 6.2 (a) shows 
a transient absorption spectrum obtained 10µs after pulsed excitation (567 nm, ~21 µJ/cm2) of a 
Sb2S3:P3HT film. The transient absorption data presented in this figure exhibits a broad 
absorption maximum centered at ~ 980 nm, which is typical of P3HT+ polarons formed as a 
result of photoinduced interfacial charge separation [22-24]. The charge recombination is 
between the photogenerated electrons in the Sb2S3 and holes in the P3HT. It is pertinent to note 
that control experiments conducted in aerobic (in presence of oxygen) and anaerobic (absence of 
oxygen) environments gave identical charge recombination data, suggesting that the 980 nm 
transient absorption band is due to P3HT polarons rather than triplets, consistent with previous 
ﬁndings in the literature. The kinetics of the charge recombination reaction between the 
photogenerated electrons and holes were determined by monitoring the decay of the P3HT+ 
polaron band at 980 nm. Transient data presented in this chapter exhibit a power-law (change in 
optical density          ) behaviour with an exponent α ≈ 0.4–0.5 (see Appendix, Figure 
11.1) in the micro to millisecond time interval. This is consistent with the presence of thermal 
trap states, as has been reported in polymer:PCBM [25-27], polymer:CdS [18], and perylene 
bisimide-arylamine based block copolymers [28]. These trap states limit the diffusion of charges 
and thus the rate of recombination, extending the lifetime of separated charges to the 
microsecond timescale. Furthermore, no transient absorption features are observed when 
exciting pristine P3HT and Sb2S3:polystyrene films (see Appendix, Figure 11.2). As such, the 
amplitude of the transient absorption signal shown in this chapter is proportional to the 
concentration of P3HT+ , and is indicative of the yield of charge separation at the Sb2S3:P3HT 
heterojunction. 
Figure 6.2(b) shows the characteristics of photovoltaic device made with Sb2S3:P3HT-
based active layers using two different device architectures: glass/ITO/TiO2/active 
layer/PEDOT:PSS/Ag and glass/ITO/TiO2/interface layer/active layer/PEDOT:PSS/Ag. In 
these device architectures the photogenerated electrons and holes are collected at the ITO and 
silver electrodes respectively. Typical current-voltage traces for devices with active layers 
annealed at 160° C, can be seen in Figure 6.2 (b), and key photovoltaic device parameters of 
these devices are presented in  Table 6.1. It is clear from the current-voltage data presented that 
the introduction of a CdS interfacial layer leads to a substantial improvement in the power 
conversion efficiency ( η =  0.2% to 1.3% (compare black and red traces). The present finding 
Transient Optical Characterization of Hybrid Polymer: Inorganic Nanocomposite Films 
For Use in Photovoltaic Devices. 
 
 
                                                                                 Neha Bansal  
--------Page 164-------- 
 
may possibly be rationalized in terms of CdS interface layer serving to reduce the direct 
recombination between photogenerated hole in the P3HT and the electrons at the TiO2/ITO 
electrode. To rule out the possibility that the good performance is due to the presence of CdS, a 
control experiment has been performed by making devices with P3HT film on top of a CdS 
interface layer. The devices have given quite low efficiency as shown in Figure 6.2(b) and Table 
6.1.  
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Figure 6.2: (a) Transient absorption spectrum of a Sb2S3:P3HT (60:40) film recorded 10 µs after 
laser excitation at 567 nm (pump intensity ~ 21 µJ/cm2), (b)Comparison of current–voltage  
characteristic curves of hybrid solar cells. The photovoltaic device architecture used was 
glass/ITO/TiO2/active layer/PEDOT:PSS/Ag with different interfacial layer: (i) Sb2S3:P3HT 
active layer (black trace), (ii) Sb2S3 interfacial layer/Sb2S3:P3HT, (iii) CdS interfacial 
layer/P3HT, and (iv) CdS interfacial layer/Sb2S3:P3HT. 
                   
(A)  
    
(mAcm-2)  
         
(V)  
Fill 
Factor  
Power 
Conversion 
Efficiency 
(%)   
Sb2S3:P3HT  5.630E-5   1.251  0.475  0.345   0.204 
Sb2S3 interfacial layer / 
Sb2S3:P3HT 
 5.509E-5   1.224  0.482   0.334   0.196 
CdS interfacial layer 
/Sb2S3:P3HT    
 1.734E-4   3.854  0.734  0.458  1.297 
CdS interfacial 
layer/P3HT  
3.134E-5  0.707  0.571  0.370  0.149 
 
Table 6.1: Device characteristics of hybrid solar cells. Photovoltaic device architecture used was 
glass/ITO/TiO2/active layer/PEDOT:PSS/Ag with different active layer: (a) Sb2S3:P3HT active 
a) b) 
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layer(black trace), (b) Sb2S3 interfacial layer/Sb2S3:P3HT, (c) CdS interfacial layer/P3HT, and 
(d) CdS interfacial layer/Sb2S3:P3HT. 
 
6.3 Results and Discussion 
 
Figure  6.3 (a) shows the steady state UV/Vis absorption spectra for thin ﬁlms 
comprising a mixture of  (i) Sb(S2COEt)3 with P3HT (annealed at 160 °C under N2) (ii) 
Sb(S2COEt)3 with PS (annealed at 160 °C under N2) (iii) Sb(S2COEt)3 with P3HT (unannealed) 
(iv) Sb(S2COEt)3 with PS (unannealed). The unannealed ﬁlm exhibits a broad absorption band 
between 500 and 600 nm which is attributed to the polymer P3HT. However, upon thermal 
annealing at 160 °C, the appearance of a broad absorption feature (400 – 750 nm) is observed, 
which is consistent with the presence of Sb2S3 (Figure 6.3 (a), black curve). This broad feature is 
also observed in the absorption spectrum of thermally annealed Sb(S2COEt)3:polystyrene films, 
used here as control sample (Figure 6.3 (a), red curve). Once again, this feature is not seen in the 
un-annealed film (Figure 6.3 (a), green curve), confirming that the Sb2S3 semiconductor is only 
generated upon thermal annealing at 160 °C.  
Further evidence for the presence of Sb2S3 in the polymer film was obtained using 
Raman spectroscopy measurements. Typical Raman data for a hybrid film annealed at 160 °C is 
shown in Figure 6.3 (b). The Raman spectrum shown in Figure 6.3 (b) exhibits peaks at ~240, 
~280 and ~310 cm-1 which are characteristic of crystalline stibnite, thus confirming the presence 
of Sb2S3 in the P3HT film [29, 30]. 
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Figure 6.3: (a) Absorption spectra of thin films comprising P3HT and Sb(S2COEt)3 before (blue 
curve) and after (black curve) annealing at 160 ºC. Also shown are the equivalent data for thin 
films comprising polystyrene (PS) and Sb(S2COEt)3 before (olive curve)and after (red curve) 
annealing at 160 ºC. (b) Raman spectrum of a 60:40 (Sb2S3:P3HT) film. 
 
Having proven that Sb2S3 based BHJ can present reasonable efficiency, efforts have been 
undertaken towards the optimization of devices based on this semiconductor. Numerous studies 
have been undertaken to optimize the performance of these devices. The section 6.3.1 below 
describes the optimization process, including the variations in concentrations, annealing 
temperatures, annealing times, active layer thicknesses undertaken.  
 
 
 
 
 
 
 
a) 
b) 
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6.3.1 Optimization of the Sb2S3:P3HT blend films 
 
A systematic study addressing the influence of concentrations, thermal annealing, 
annealing times, and film thicknesses upon the photophysics, and nanomorphology of the 
Sb2S3:P3HT films and their photovoltaic device performances has been conducted.  
 
 
i) Concentration and Thermal Annealing Dependence 
 
This section presents a study addressing the influence of the composition of polymer and 
Sb2S3 in the film and thermal annealing upon charge separation and device performance. The 
data presented in Figure 6.4 (a) follows the amplitude of the signal (magnitude of change in 
optical density     ) and is directly related to the number of photogenerated charge pairs 
formed. Figure 6.4 (a) shows the plot of      determined at 1µs versus thermal annealing 
temperature for different volume fraction. It is apparent from the figure that upon increasing the 
Sb2S3 volume fraction in the Sb2S3:P3HT film, the yields of P3HT
+ polarons increases. In 
addition, 60:40 volume ratio of Sb2S3:P3HT provides the highest  yield of charge 
photogeneration for all the annealing temperatures used in the study. There is also a trend of 
increasing charge carriers generated (higher yield of charge photogeneration) with increasing 
sample annealing temperature but it starts decreasing at higher temperature as discussed in detail.  
Photovoltaic devices were fabricated from the Sb2S3:P3HT active layers of different 
composition and annealed at different temperature. Typical efficiency data for devices with 
active layers annealed at 100 °C, 120 °C, and 160 °C, 200 °C, and 250 °C are shown in Figure 6.4 
(b). It is apparent from this data that an increase in the annealing temperature results in a 
significant increase in photovoltaic device parameters short circuit current and open circuit 
voltage thereby leading to a systematic improvement in device efficiency. Moreover, these 
observations are clearly consistent with the transient absorption data. 
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Figure 6.4: shows (a) data obtained from the transient absorption kinetics at the P3HT+ polaron 
peak (980 nm) Sb2S3:P3HT blend following annealing under N2 at different temperature for 
different volume ratio. Excitation was at 567 nm at an energy of 21 ± 2 μJcm-2. (b) displays the 
impact of different composition and annealing temperature on the electrical performance of the 
device. The volume ratios used were 30:70, 40:60, 50:50, 60:40, 70:30. Temperatures used were 
100, 120, 160, 200, and 250 ºC. 
 
ii) Annealing Time Dependence 
 
This section considers the influence of thermal annealing time of the Sb2S3:P3HT active 
layer upon the yield of charge separation at the heterojunction and device performance. The data 
in Figure 6.5 (a) clearly shows that the highest yield of charge generation is observed for a film 
comprising 60:40 volume ratio of Sb2S3 to P3HT annealed at 160 ºC for 30 minutes. The same 
set of thermal treatment parameters leads to a significant increase in photovoltaic performance 
as well. The     rises from 0.63% to 1.3% displays the J-V characteristics (see Figure 6.5 (b)) 
which have undergone thermal treatment under nitrogen at 160 ºC, for varying time periods. As 
can be seen from Figure 6.5 (b) annealing for  more than 30 minutes has detrimental effects on 
device performances. For example, when annealing above 160 ºC  the     is found to drop 
from 1.3% to 0.27%. 
a) b) 
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Figure 6.5: (a) data acquired from the transient absorption kinetics at the P3HT+ polaron peak 
(980 nm) Sb2S3:P3HT blend following annealing under N2 at 160 ºC for 10-60 minutes. Excitation 
was at 567 nm at energy of 21 + 2 µJcm-2. (b) the impact of annealing time on the electrical 
performance of the device. 
 
iii) Active Layer Thickness Study 
 
The cell parameters should be carefully investigated for optimization of power 
conversion efficiency of excitonic solar cells. One crucial parameter to achieve efficient     is a 
high short circuit current density(   ). The     of excitonic solar cells is highly dependent on the 
donor material absorption property which is related to the band gap of the material [31]. The 
alteration in     can either be done by altering the active layer thicknesses or by structural 
modification leading to an smaller band gap.  
Figure 6.6 (a) shows a plot of short circuit current,     vs thickness of active layer for a 
series of 60:40 Sb2S3:P3HT solar cells. The energy level of P3HT and Sb2S3 should be in 
harmony to give the highest    . Table 6.2 shows the IV characteristics of Sb2S3:P3HT hybrid 
solar cells with different active layer thicknesses. It is apparent from the results below that up to 
a certain point,     of the devices increases with the increasing active layer thickness. The     
versus thickness curve shows a maximum at ca. 180 nm, as shown in Figure 6.6 and Table 6.2.  
a) b) 
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Figure 6.6: displaying the impact to active layer thickness on the electrical performance of the 
device. 
 
Active layer 
thickness 
(nm) 
                    
(A) 
    
(mAcm-2) 
           
(V) 
Fill Factor Power 
Conversion 
Efficiency 
(%) 
60 + 10 nm 3.68E-5 0.82 0.69 0.41 0.23 
100 + 10 nm 1.37E-4 3.05 0.65 0.39 0.76 
140 + 10 nm 1.73E-4 3.84 0.64 0.37 0.90 
180 + 10 nm 1.73E-4 3.85 0.73 0.45 1.30 
210 + 10 nm 1.51E-4 3.37 0.64 0.42 0.92 
240 + 10 nm 6.12E-5 1.36 0.50 0.39 0.27 
 
Table 6.2: current–voltage  characteristic of hybrid solar cells with different active layer 
thicknesses. 
a) b) 
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6.3.2 Focus on the Mechanism of Charge Separation and Photocurrent 
Generation 
 
The data presented in Figure 6.2 (a) indicates that P3HT+ polarons are generated upon 
photoexcitation of the Sb2S3:P3HT film. Such P3HT
+ polarons may be generated in two ways: (i) 
electron transfer from the photoexcited state of the polymer to the Sb2S3 conduction band 
and/or (ii) photoinduced hole transfer from the Sb2S3 to the P3HT polymer. To better 
understand the charge generation process in the Sb2S3:P3HT film, transient absorption 
spectroscopy studies were performed as a function of laser excitation wavelength. In these 
studies, the excitation pulses were tuned to excite different regions of the Sb2S3:P3HT absorption 
spectrum between 400 and 650 nm. The amplitudes of the resulting transient absorption signals 
were corrected for the number of photons absorbed by the film at the excitation wavelength. In 
all cases, excitation of the Sb2S3:P3HT sample resulted in the appearance of P3HT
+ polarons. 
Figure 6.7 (a) shows the amplitude of the signal (      measured at 10 µs after excitation as a 
function of excitation wavelength. It is evident from the data presented in Figure 6.7 (a) that the 
P3HT+ polaron yield is strongly dependent on the excitation wavelength. Comparing the 
absorption spectra of Sb2S3:P3HT and Sb2S3:polystyrene films with the transient absorption data 
reveals that the P3HT+ polaron generation is considerably lower when the polymer component 
of the hybrid film is excited.  Furthermore, it is apparent that the transient absorption data 
follows the light harvesting profile of the Sb2S3 semiconductor; this observation indicates that 
the electron transfer from the polymer to the metal chalcogenide is relatively inefficient. 
Therefore, the most likely mechanism for the generation of P3HT+ polarons in the Sb2S3:P3HT 
film is a photoinduced hole-transfer from Sb2S3 to the polymer.  
Figure 6.7 (a) shows the external quantum efficiency (   ) of the device measured 
under monochromatic excitation (Figure 6.7 (a), green squares). It is clear from the data 
presented in Figure 6.7 (a) that the     spectrum shows a close correlation with the      
excitation spectrum (and thus polaron yield) obtained from the transient absorption 
measurements. Both of these spectra follow the absorbance profile of the Sb2S3 component of 
the blend. Moreover, a comparison of the photocurrent generation and the transient absorption 
data suggests that the optical excitation of the P3HT polymer leads to less efficient charge 
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generation and thus lower photocurrent. These observations confirm that charge separation and 
therefore photocurrent generation in the device results primarily from a hole transfer reaction, as 
discussed above. Typical current density – voltage traces for photovoltaic devices based upon 
Sb2S3:P3HT layers are shown Figure 6.7 (b). Despite the apparent lack of photocurrent 
generation from the P3HT, the overall power conversion efficiency of the device was measured 
under simulated AM1.5 sunlight to be 1.29% (FF = 0.46,     = 3.85 mAcm
-2,    = 0.73 V).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.7: (a) Transient absorption signals (   ) (red squares) at a time delay of 10µs presented 
as a function of excitation wavelength. These transient absorption data monitors the P3HT+ 
polaron band at 980nm. The external quantum efficiency of the device is plotted as green circles. 
Also shown are the light harvesting profile of the Sb2S3:P3HT film (grey dash) and Sb2S3 film 
(black curve). UV spectra are normalized to an arbitrary scale to highlight their shape. (b) 
(c) 
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Current – voltage characteristics of photovoltaic devices based upon a Sb2S3:P3HT (60:40) active 
layer. Devices were prepared in the “inverted” ITO / TiO2 / CdS / Sb2S3:P3HT / PEDOT:PSS 
/Ag configuration, (c) TEM images taken for Sb2S3:P3HT ﬁlms at 160 °C. 
The next question that arises relates to the reason for superior charge generation yield 
upon photoexcitation of the Sb2S3 component of the hybrid film, as seen in Figure 6.7 (a). 
Optical excitation of the Sb2S3:P3HT nanocomposite film is likely to result in the formation of 
electron-hole pairs in both P3HT and Sb2S3 components. The dissociation of tightly bound 
P3HT excitons into free charges requires the morphology of the hybrid film to be structured on 
the scale of the exciton diffusion length in the polymer (~10 nm). This ensures that the excitons 
are generated in close proximity to a donor-acceptor interface, at which the coulombic attraction 
can be overcome and the charges separated. On the basis of the TEM data presented in Figure 
6.7(c), it is likely that only a small fraction of the P3HT excitons are able to reach the 
Sb2S3:P3HT heterojunction and undergo dissociation to free charges, in agreement with the data 
presented in Figure 6.7 (a). 
The observation presented in this section are consistent with those reported for 
Sb2S3:P3HT-based semiconductor-sensitised solar cells (SSSC). In these systems, excitons 
generated in the polymer hole transport phase cannot be separated, which causes a depression in 
     in the spectral region where the polymer absorbs [15, 32]. Additionally, it has been noted 
that the yield of charge separation at the donor/acceptor heterojunction is expected to be 
sensitive to specific interactions between the organic and inorganic components [32, 33], which 
may not be conductive to electron transfer in this system. On the other hand, the 
photogenerated electrons and holes within the Sb2S3 nanocrystals would be easier to spatially 
separate into free charges owing to the higher dielectric constant (relative to P3HT) and the 
crystalline nature of the inorganic semiconductor. In the presence of a good hole-extractor such 
as P3HT, a hole-transfer reaction could occur from the Sb2S3 to the polymer, generating P3HT
+ 
polarons and leading to long-lived charge separation, as observed here. This is in agreement with 
the recent work undertaken in Haque group on Sb2S3-based SSSCs, in which hole transfer from 
Sb2S3 to an organic hole transport material can occur even when electron injection to TiO2 does 
not, so highlighting the crucial role of hole transfer in the charge generation process [34]. This 
picture would indeed explain the current observations.  
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6.4 Conclusion 
 
In summary, the fabrication and characterization of Sb2S3:P3HT photoactive layers and 
their application in photovoltaic devices have been reported. The hybrid nanocomposite films 
were fabricated by employing a method based on the in-situ thermal decomposition of an 
antimony ethyl-xanthate precursor in a P3HT polymer film. A combination of optical 
spectroscopy, Raman and transmission electron microscopy techniques has been used to confirm 
the growth of Sb2S3 nanocrystals in the polymer film. An “inverted” 
ITO/TiO2/CdS/Sb2S3:P3HT/PEDOT:PSS/Ag structure was used for the devices. In order to 
optimize the devices, the influence of concentration, thermal annealing, thermal annealing time, 
and film thickness were investigated. Transient absorption spectroscopy and device 
measurements indicate that charge separation and photocurrent generation in Sb2S3:P3HT 
devices result from Sb2S3 light absorption followed by hole-transfer from the Sb2S3 to P3HT. 
More generally, the present findings (particularly the photo-induced hole transfer shown in this 
chapter) should foster new strategies for the optimization of hybrid nanocomposite solar cells as 
well as the development of novel device architectures.  
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CHAPTER 7 
 
 Results: A Direct route towards Polymer: Copper Indium 
Sulfide heterojunction, influence of morphology and polymer: CIS 
ratio on device performance of hybrid solar cells 
 
 
 
Abstract 
 
Nanocomposite solar cells have gained increasing attention in the scientific community due to the large number of 
possible combinations of inorganic semiconductor nanoparticles with conjugated polymers. Thus it is attractive to 
choose both components for the bulk heterojunction in such a way that they absorb complementary parts of the solar 
spectrum. In this contribution, a route to highly efficient polymer: copper indium sulfide (CIS) nanocomposite solar 
cells is presented, covering optical characterization, solar cell fabrication and device characterization. In this 
contribution a route towards highly efficient polymer : copper indium sulphide (CIS) hybrid solar cells, covering the 
effects of different acceptor loading on morphology, device performance are studied by transient absorption 
spectroscopy, and transmission electron microscopy.  
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7.1 Introduction 
 
In this chapter, the work has been expanded to the study of polymer: copper indium 
sulphide (CIS) a well-known absorber material in thin film photovoltaics. Successfully, CIS has 
already been incorporated in hybrid organic: inorganic hybrid solar cells [1]. It offers the 
advantage of a lower band gap (1.5 eV), compared to CdSe (1.74eV) or CdS (2.4eV). Recent 
studies indicated that CIS nanocrystals have markedly lower toxicity than cadmium-based 
nanocrystals [2] which causes interest for bio labelling .  
CIS nanocrystals synthesis has evolved from early methods involving treatment of 
aqueous Cu(I) and In(III) with a saturated hydrogen sulfide solution [3] to techniques including 
the hot-injection method [4-6], photochemical decomposition [7], thermolysis [8, 9], and 
solvothermal synthesis [10]. Recently, synthetic methods have also been developed to produce 
particles with either tetragonal chalcopyrite or wurtzite structures by adjusting ligand 
composition for controlling the crystal structure of the nanocrystals [11-14]. However, these 
technologies require a high solubility of both components which is often the limiting factor. In 
the classical route, solubility of the nanoparticles is achieved by capping ligands, e.g. oleylamine, 
trioctylphosphite, but the ligand sphere can be considered as isolating layer detrimental to charge 
separation and charge transport [15]. Therefore, additional procedures of removing excess 
capping agent (e.g. hexanoic acid treatment) [16, 17] or exchanging bulky ligands with smaller 
ones [18], are necessary. Most prominent examples are polymer: CdSe solar cells with nanodots 
[19, 20], nanorods [18, 21], tetrapods [22, 23] or hyperbranched crystals [24], reaching already 
efficiencies 4% [25].  
Here , the in situ formation routes has been introduced for inorganic nanostructures CIS 
directly in the polymer matrix have the advantages that they are ligand-free and that no separate 
nanoparticle synthesis step is necessary as shown e.g. for ZnO-polymer nanocomposite solar 
cells [26]. For binary polymer: metal sulfide solar cells, nanoparticles can be prepared in a 
solution containing the conjugated polymer, metal salts and a sulfur source [27, 28]. During the 
reaction, the polymer acts as capping agent and prevents extensive particle growth. Polymer: in-
situ grown CIS nanocomposite solar cells have been reported with efficiencies of 2.8% which is 
by far the highest reported for polymer: CIS nanocomposite solar cells [29-31]. In these hybrid 
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solar cell,  poly[(2,7- silafluorene)-alt-(4,7-di-2-thienyl-2,1,3-benzothiadiazole)] (PSiF-DBT) is 
serving as donor with embedded copper indium sulphide (CIS) nanoparticles acting as acceptor.  
Copper and indium ethyl xanthates are readily accessible, the copper compound is not 
soluble in most organic solvents - a crucial prerequisite for a homogeneous coating solution. The 
solubility can be tuned by modifying the organic alkyl moiety. By exchanging the ethyl-group 
with the 2,2-dimethylpentan-3-yl-group, a new copper (I) xanthate were prepared as shown in 
chapter 3 which are readily soluble in many common organic solvents e.g. chloroform, toluene, 
or chlorobenzene. The corresponding indium (III) xanthate has been analogously synthesized. 
Thermal gravimetric analysis shows the decomposition of these new precursors to take place at 
temperatures below 200 ° C. Both components show single step decomposition with a 
decomposition-onset at 175 ° C for copper and 142 ° C for indium xanthate.  
It will be shown in this chapter that varying the acceptor loadings in the absorber layer 
has a substantial impact on the PL quenching, charge generation, morphology, especially on the 
agglomerate sizes. Moreover, the effect of changing donor: acceptor ratios on the nanoparticle 
size is still unclear. Morphology, agglomerate, charge generation and nanoparticle sizes are 
substantially influenced by the composition of the absorber layer and studied by transient 
absorption spectroscopy, transmission electron microscopy. Thus, a proper donor: acceptor ratio 
is essential for good device performances of bulk heterojunction solar cells which has been 
shown and thoroughly investigated for several polymer: fullerene systems [32, 33].  
 
7.2 Results and Discussion 
 
 
The focus of this study is set on the influence of the morphology of the absorbing layer 
on the overall device performance. In particular, the morphology and layer composition is 
anticipated to affect the hybrid-interface area, the percolation in both phases, and the absorption 
characteristics within the thin film structure. The variations in morphology were demonstrated 
by preparing a series of PSiF-DBT: CIS absorber layers: hybrid solar cells with different polymer: 
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nanoparticle ratios (1:3, 1:6, 1:9, 1:12, 1:15 (w:w)) (see chapter 3 for synthesis and preparation 
PSiF-DBT:CIS blend film).  
In a first step, the influence of the different polymer: nanoparticle ratios on the 
morphology of the hybrid absorber layers was analysed by means of transmission electron 
microscopy (TEM). To this aim, thin films with ratios of 1:3, 1:9 and 1:15 were prepared on 
NaCl crystals by the Gregor Trimmel group from Graz, Austria and transferred to TEM-grids 
for the electron microscopic characterization.  
 
 
Figure 7.1: Bright field TEM images of hybrid solar cells with different PSiF-DBT:CIS weight 
ratios in different magnifications. 
 
The lighter areas in Figure 7.1 represent the conjugated polymer and the darker areas the 
CIS-phase. From left to right, the polymer content decreases, resulting in more extended dark 
areas. In addition, it is noticeable that not only the amount of darker regions increases, but an 
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aggregation of the CIS phase can be observed as well. With increasing CIS content less isolated 
“dark” islands, which can be found in the TEM-image of the 1:3 sample, exist, so excitons have 
better access to interfaces with continuous CIS percolation paths to the respective 
electrode/cathode. The agglomerates of CIS in the polymer matrix seem to develop with higher 
CIS content. This bears the risk of the polymer domain size exceeding the exciton diffusion 
length and therefore an increased probability for recombination before the excitons are 
dissociated. The resulting charge separation characteristics of these samples have been studied by 
transient absorption measurements, which will be discussed later.  
As the nanoparticles tend to agglomerate in the polymer matrix, especially at higher 
nanoparticle loadings, the extraction of the size of single nanoparticles from the TEM-images 
presented in Figure 7.1 is difficult. However, the nanoparticle size is an important issue, as 
different sizes of nanoparticles are mostly accompanied by different optical and electronic 
properties [34]. Thus, a detailed investigation of the CIS agglomerates was conducted using dark 
field TEM combined with selected area electron diffraction (SAED); resulting micrographs are 
presented in Figure 7.2. The SAED patterns show diffraction rings, indicating that the 
nanocrystals in the sample have no preferential order and the diffraction pattern is in good 
agreement with reference data for chalcopyrite CIS (PDF 27−159). There are no distinct 
differences observable in the SAED-patterns, which allows drawing the conclusion that the 
nanoparticles in the three samples have the same crystallinity and crystal structure. The dark field 
TEM images in Figure 7.2 were taken using only one single reflection to image only selected 
nanoparticles with a specific orientation of the crystallite, which appear brighter in the 
micrograph. This method allows identifying single nanocrystals even in agglomerated areas. The 
respective dark field TEM images clearly show that in each sample the single nanoparticles have 
sizes of about 3 nm and that the nanoparticle sizes are independent from polymer: CIS ratio. 
Thus, the charge carrier mobility of the CIS-phase can principally be assumed equal in all 
devices. To compare, assumption has been taken that no charge carrier mobility change noticed 
in the polymer phase as well. Furthermore, TEM-EDX (energy dispersive X-ray) measurements 
were conducted to analyse the chemical composition of the formed CIS nanoparticles. The EDX 
spectra revealed the same copper: indium molar ratio of 1:1.6 for the three investigated samples 
(1:3, 1:9, 1:15 (w:w)). This copper: indium ratio was chosen deliberately, as a surplus of indium 
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leads to n-type CIS, which is necessary for well performing polymer: CIS hybrid solar cells [1, 
35]. 
 
 
 
Figure 7.2: Dark field TEM images of hybrid solar layers with different PSiF-DBT:CIS weight 
ratios using a specific reflection for imaging. The insets show the respective SAED patterns. 
PSiF-DBT hybrid solar cells were prepared with all 5 different polymer: nanoparticle 
ratios (1:3, 1:6, 1:9, 1:12, 1:15 (w:w)) using the simple device architecture glass / ITO / 
PEDOT:PSS / PSiF-DBT:CIS / Al. Homogeneous and stable coating solutions of copper 
xanthates, indium xanthates and the conjugated polymer, poly[(2,7- silafluorene)-alt-(4,7-di-2-
thienyl-2,1,3-benzothiadiazole)] (PSiF-DBT) were prepared by using copper and indium 
xanthate. Using spin coating or doctor blading, homogeneous precursor layers were prepared 
and subsequently converted into the nanocomposite layer via a mild annealing step. It should be 
noted, that PSiF-DBT is thermally stable up to temperatures of approx. 300 ° C. The respective 
solar cell parameters are shown in Table 7.1. The thickness of the absorber layers of all the 
presented solar cells are in the range between 95 and 110 nm to ensure a good comparability of 
the devices. The exact values are also noted in Table 7.1. The solar cells show      of up to 
1.7%. The 1:3 device shows a     of 0.78% while the      of all the other samples range from 
1.5 to 1.7%. The fill factor strongly increases from 1:3 to 1:9, and decreases slightly with higher 
acceptor loadings. The open circuit voltage (   ) is actually supposed to show a slightly 
decreasing behaviour; the prepared devices exhibit     values ranging from 400 to 470 mV.  
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 Layer 
thickness 
/nm 
 
 
 
 
 
 
 
     
/mV 
    
/mA/cm2 
FF 
/% 
    /% 
 
 
1:3 95 ± 5 464 ± 9 5.73 ± 0.17 29.1 ± 0.2 0.78 ± 0.04 
1:6 100 ± 5 427 ± 3 8.69 ± 0.27 44.9 ± 2.6 1.66 ± 0.06 
1:9 110 ± 5 414 ± 5 7.62 ± 0.22 52.7 ± 1.3 1.66 ± 0.05 
1:12 110 ± 5 470 ± 8 6.81 ± 0.52 47.3 ± 3.6 1.50 ± 0.06 
1:15 100 ± 5 399 ± 14 8.45 ± 0.75 48.6 ± 4.6 1.64 ± 0.24 
 
Table 7.2: Averaged solar cell parameters for different polymer: inorganic weight ratios on the 
basis of 10 solar cells from one device with equal layer thicknesses. 
The short circuit currents (   ) of the solar cells in this series do not show a recognizable 
trend. The     of the 1:3 device (5.73 mA/cm²) is the lowest in this series, while the values for 
the other solar cells lie in the range between 6.8 and 8.7 mA/cm². At first glance, a balanced 
volumetric ratio offers the highest probability for well distributed interfaces and thus high 
interfacial area. However, taking into account that agglomeration of the CIS particles to bigger 
units in the hybrid layers additionally facilitates the generation of long-lived charges and reduces 
their recombination probability by offering the electrons the possibility to move away from the 
dissociation sites [36], the optimum polymer: nanoparticle volume ratio for most efficient charge 
separation is expected to show a surplus of CIS phase. 
 
Figure 7.3 (a)  shows the absorption spectra of in-situ grown polymer: CIS metal sulfide 
blend film with different ratio which shows the same shape. Lets now turn attention to the 
process of charge separation in the PSiF-DBT: CIS films. The effect of the polymer: 
nanoparticle ratio on the excited-state charge transfer at the inorganic-organic heterojunction 
was investigated by photoluminescence (PL) quenching measurements. The PL spectra of PSiF-
DBT: CIS nanocomposite layers with different PSiF-DBT to CIS weight ratios relative to 
pristine PSiF-DBT are shown in Figure 7.3 (b). Optical excitation of a pristine PSiF-DBT film at 
580 nm (absorption maximum) resulted in the appearance of an emission band located at 713 
nm. However, upon introduction of the CIS nanoparticles to the PSiF-DBT film, the PL of the 
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PSiF-DBT is quenched. At a PSiF-DBT:CIS weight ratio of 1:3, the PL emission from PSiF-
DBT is dramatically quenched to only ~10% of the initial emission intensity and is further 
reduced to 3.2% (PSiF-DBT:CIS = 1:6) and 1.9% (PSiF-DBT:CIS = 1:9) of the original level, 
indicating an effective PL quenching by the CIS nanoparticles. It is pertinent to note that the PL 
quenching in the in situ grown PSiF-DBT: CIS nanocomposite layer observed here is much 
more effective than PL quenching efficiencies that have been typically observed in 
nanocomposites comprising nanoparticles stabilized by capping ligands [31, 37]. 
However, exciton PL quenching measurements may not be a reliable measure of the yield 
of photogenerated charges because of the strong overlap of the PL spectrum of PSiF-DBT and 
the absorption spectrum of the CIS-nanoparticles [37]. Therefore, to obtain direct evidence for 
charge carrier generation transient absorption measurements were carried out. Details of the 
transient absorption spectrometer have been described in chapter 3 [38]. 
Transient absorption measurements were performed to determine the efficiency of 
charge carrier generation at the polymer: CIS interfaces. Figure 7.3 (c-d) shows the transient 
absorption spectra and the corresponding transient kinetics for the different PSiF-DBT:CIS 
samples (1:3,1:6 1:9,1:12,1:15 (w:w)). 
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Figure 7.3: (a) absorption spectra of PSiFDBT (black) and polystyrene:CIS (brown), polymer: 
CIS (1:3 (yellow), 1:6 (red), 1:9 (blue), 1:12 (magenta), 1:15 (olive green) (w:w)), (b) quenching of 
the photoluminescence (PL) of PSiF-DBT by different amounts of CIS in the nanocomposite 
layer (excitation wavelength: 580nm), (c) the transient spectra of PSiFDBT: CIS 1:3, 1:9, 1:15 and 
polystyrol: CIS 1:15, (d) the transient kinetic spectra of polymer: CIS (1:3 (yellow), 1:6(red), 
1:9(blue), 1:12(magenta), 1:15(olive green) (w:w)) following pulsed laser excitation at 510 nm.  
 
Figure 7.3 (c) shows the transient spectra taken 10µs after pulsed laser excitation at 510 
nm for blends of CIS with the polymer PSiF-DBT. It is apparent that optical excitation of the 
sample results in the appearance of a broad transient absorption feature centred at ∼ 1000-1200 
nm. This transient absorption band is tentatively attributed to photogenerated electrons and 
holes in the CIS and PSiF-DBT respectively. No transient absorption signals are observed upon 
optical excitation of the two control samples of (i) PSiF-DBT, and (ii) Polystyrol: CIS; this 
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observation clearly indicates that the presence of a PSiF-DBT: CIS heterojunction is necessary 
for the formation of charge carriers. There are different polymer: xanthate ratio used in the study 
which shows the similar type of transient absorption spectra. This shows that the change of CIS 
ratio doesn’t affect the spectra and same wavelength can be used in TAS to probe the sample. 
The charge recombination kinetics were monitored by observing the decay of the photoinduced 
band at 1100 nm.  
The recombination kinetics presented in Figure 7.3 (d) follow the charge recombination 
reaction between the photogenerated electrons and holes in the CIS and PSiF-DBT respectively. 
No rise in the transient absorption signal is observed on short timescale indicating that the 
charge separation occurs on timescales faster than the instrument response ( ∼ 250 ns) of 
transient absorption spectrometer. The transient kinetics, depicted in Figure 7.3 (d), exhibit that 
the charge generation in PSiF-DBT: CIS heterojunction increases with increasing loading of CIS 
in the blend film from 1:3 to 1:9. Polymer: CIS weight ratio in Figure 7.3 (d) revealed that the 
charge carrier generation is most efficient in the 1:9 sample (corresponding to a polymer: CIS 
volume ratio of approx. 1:2), corroborating to the considerations. The decrease in     is 
slightly steeper toward lower CIS ratio, which possibly substantiates the assumption concerning 
the facilitation of generating long-lived charges by a partly agglomerated CIS phase.  
 
7.3 Conclusion 
 
In summary, the xanthate route can be applied for the preparation of polymer: CIS 
nanocomposite solar cells by using new highly soluble copper and indium precursors. 
Luminescence and transient absorption spectroscopy studies reveal strong PL quenching and the 
presence of long-lived charge separated states in the polymer: CIS films studied here. Thorough 
investigation of the influence of a variation of the polymer: nanoparticle ratio on the morphology 
of the absorber layer as well as on charge carrier generation disclosed the following findings: 
 
 The nanocrystal size is the small in all samples independent from the polymer: 
nanoparticle ratio; 
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 The nanoparticle agglomerates enlarge with increasing nanoparticle concentration; 
 A clear maximum charge generated in the polymer phase is found at a polymer: 
nanoparticle weight ratio of 1: 9 corresponding to a volume ratio of about 1: 2, even 
though the absorption of the polymer exhibits only intermediate values compared to 
higher polymer loadings, indicating a beneficial donor: acceptor interfacial area at this 
ratio; 
 the marked trend in the charge generation maximum due to exciton dissociation is not 
reflected in the short-circuit current density of the prepared solar cells—starting from a 
polymer:CIS weight ratio of 1:6 the      does not change significantly with higher CIS 
loadings. 
 
The interplay of polymer and CIS regarding absorption, charge generation, and 
percolation sums up to a complicated relationship. The crucial solar cell parameters (   ;    , 
FF) exhibit characteristic trends independent from each other and thus, solely by altering the 
blend ratio a concerted optimization is not possible. Charge generation stemming from the 
polymer necessitates a large interface for exciton dissociation. Increasing the CIS ratio enlarges 
the interface facilitating both the charge generation probability and electron transport to the 
respective electrode. Additionally, CIS itself is a photoactive semiconductor and, therefore, 
contributes to the generation of charges leading to additional photocurrent. 
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CHAPTER 8 
Conclusions and Future Work 
 
Prediction is difficult, especially the future- Niels Bohr 
                                            
 
 
 
 
 
In this chapter a summary of the key findings will be presented, along with some suggestion for future work. The 
overall intention of the work has been to understand the factors (driving force energy, charge transfer states, 
crystallinity, and morphology)  influencing charge photogeneration in hybrid organic: inorganic solar cells and find a 
potential inorganic acceptor in order to advance hybrid photovoltaic technology.  
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8.1 Conclusions 
  
The research described in this thesis was mainly focused upon different in-situ grown 
inorganic materials in hybrid organic: inorganic solar cells. The main objective of the research 
was to recognize and address the parameters influencing charge photogeneration in hybrid 
organic: inorganic solar cells and finding alternative inorganic semiconductor (acceptor). The 
research can be divided into the following: 
 This PhD thesis primary focus was in particular on polymer: CdS films to study charge 
photogeneration in hybrid organic: inorganic heterojunction for application to photovoltaics and 
obtain a photophysical model to describe their transient absorption decay dynamic signals. The 
effect of driving force energy and crystallinity has been examined on hybrid organic:inorganic 
solar cells in order to gain understanding of the relationship between structural properties and 
charge photogeneration. 
Charge Photogeneration in polymer: CdS heterojunction films 
 A basic outline of the mechanisms leading to charge photogeneration in polymer: CdS 
heterojunction films can be drawn. 
              
 
 
 
 
 
Figure 8.1: Charge photogeneration and recombination in polymer: CdS blend films. The orange 
arrow is the excitation process, green arrows present internal changes, and red arrows are 
geminate (GR ) and bimolecular recombination (BR). 
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 As suggested from the results chapter 4 and 5, the transient absorption measurements 
described are indicators of the yield rather than the rate of charge dissociation. The yield is 
dependent upon competition between the underlying processes of charge dissociation, geminate 
recombination. It’s been speculated that the yields of charge dissociation of the charge transfer 
state are shown to be dependent on the domain size of the acceptor material to form separated 
species. 
 In systems with polymer: CdS: n-hexylamine rather than polymer: CdS as the electron 
acceptor, a greater yield of dissociation has been revealed with a smaller      when the same 
polymer is utilised, this is proposed to be a result of CdS better crystallinity. Further comparison 
of charge photogeneration in films of blends of CdS and a series of different polymers with 
varying ionization potential reveals a strong correlation between      and charge generation. 
This correlation has already been reported for polymer: polymer and polymer: fullerene system 
but not for the hybrid organic: inorganic systems. 
 The next two chapters Chapter 6 and 7 address the development of new inorganic 
electron acceptor materials for hybrid solar cells; a key focus of this chapter is the realization of 
new inorganic electron acceptors as alternatives to the most commonly used cadmium based 
materials. As such, this thesis focuses on alternative Sb2S3 (antimony sulphide) and CIS (copper 
indium sulfide) nanocrystals for use as electron acceptors and light-harvesting materials in 
solution-processed polymer-solar cells. Chapter 6 demonstrate the observations on Sb2S3: P3HT 
system indicate that hole transfer may plays an important role to initiate device performance and 
the development of hybrid inorganic – organic  solar cells. The efficiency of 1.3% obtained for 
Sb2S3: P3HT bulk heterojunction solar cells which has not been reported before in the literature . 
Other hybrid structure introduced in this thesis CIS: polymer in Chapter 7 which shows the 
efficiencies of 2.8% which is close to those reported for CdSe: polymer solar cells (most efficient 
nanoparticle: polymer solar cells). This suggests that both Sb2S3 and CIS are promising electron 
acceptor materials in solution processes polymer solar cells.  
The work in this thesis has demonstrated the current state of knowledge of charge 
photogeneration in polymer: polymer and hybrid organic: inorganic bulk heterojunction solar 
cells to some extent. Developing a structure-function relationship between charge separation 
yields (lifetimes), and materials choice (and interface design) in hybrid organic: inorganic solar 
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cells was the main aim of the this thesis. It has been attempted to highlight, the achievement of 
high yields of charge separation at low driving force energy, in particular by engineering 
appropriate morphological control (crystal size) at each interface. Additionally, new inorganic 
acceptors have been presented in the thesis, which show great potential as a result of their 
photophysical properties. Hopefully, a sound platform for future investigations of charge 
transfer at semiconductor nanocrystals interface in excitonic solar cells is provided by the work 
presented in this thesis. 
 
8.2 Future Work 
 
Studies have demonstrated that crystallinity is a key to determining the dissociation of the 
initially generated polaron pairs. Both geminate and bimolecular recombination of charges, are 
mechanisms which place limits on film/device charge generation and efficiency. Also from 
chapters 5 the effect of domain size on charge generation were observed. Thus, further studies 
are required to establish if improved crystallinity can lead to reduced recombination. One 
approach is through application of additive to these polymer: inorganic systems. This will 
potentially improve the donor: acceptor interface.  
Hybrid solar cells employing blends of polymer: Sb2S3 have the potential to outerperform 
the standard polymer: fullerene solar cells due to the high charge generation. However, the 
power conversion efficiency of the polymer: Sb2S3 hybrid devices is at present limited by the 
poor electron injection due to P3HT. It is required to find the alternative polymer to improve 
power conversion efficiency of the devices. For the polymer:CIS heterojunction, further work is 
required to optimize the system. 
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CHAPTER 9  
Appendix 1: Supporting Information for Chapter 4 – Chemical 
Oxidation of Polymers 
 
  
Extinction Coefficient Measurements 
 
The following show the spectroscopic results from the chemical oxidation of IF-DTBT 
and P3HT by tris-4-bromophenyl hexachloroantimonate (TBPHA). 
 
9.1 Introduction 
 
TBPHA is a stable aminium salt containing a radical aminium cation with a stabilising 
counterion. It is used in polymer chemistry to initiate radical polymerisation, and in some cases 
leads to chemical reactions such as debromination presence of carboxylic acids. 
 
9.2 Experimental Details 
 
The polymers IFDTBT and P3HT are dissolved in chlorobenzene to a molar 
concentration ( relative to the monomer weight) of 0.04 moldm-3. 2 ml of polymer solution is 
placed into a 1 cm quartz cuvette. The chemical oxidant tris(4-bromophenyl)aminium 
hexachloroantimonate (Sigma Aldrich) was dissolved in acetonitrile to give a concentration of 4 
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x 10-4 M. 100 μl of this solution was added to a solution of the polymer dissolved in 
chlorobenzene in 10 μl aliquots and the absorption spectra measured. Plots of the concentration 
of oxidant against the polymer radical cation peak absorbance at 900 nm (IF-DTBT) and 800 nm 
(P3HT) were linearly fitted to yield the extinction coefficients of the polymer radical cations as 
shown in Figure 9.1. 
9.3 Results 
 
 
 
 
 
 
 
 
Figure 9.1: Plot shows the linear fits, of the absorption maxima of the polymer (IF-DTBT and 
P3HT) radical cations, giving extinction coefficients of ε = 22020 M-1cm-1 (IF-DTBT) and ε = 
20556 M-1cm-1 (P3HT). 
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CHAPTER 10 
Appendix 2: Supporting Information for Chapter 5 – ToF-SIMS, 
Emission, and XRD Gaussian Fits. 
 
10.1 Time-of-Flight Secondary Ionisation Mass Spectrometry (ToF-SIMS) 
 
10.1.1 Technique 
 
A pulsed beam of bismuth ions is directed to a sample surface. The ions liberate neutral 
and charged elemental and molecular species from the surface. The positive and negatively ions 
can be selectively extracted and detected using a Time-of-Flight system in which ions are 
separated according to their mass. A separate, rastered beam of caesium ions is used to remove 
material from the surface over a defined area. Analysis at the centre of the crater is carried out 
using the bismuth beam. The analysis/etch process is repeated roughly every second until the 
film has been penetrated and the glass substrate reached.  
 
10.1.2 Experimental 
 
The ION-TOF 5 Time of Flight (ToF) Secondary Ion Mass Spectrometry (SIMS) 
instrument obtained in collaboration with Prof Kieran Molloy from University of Bath to obtain 
compositional depth profile through the coatings. The analysis beam was Bi3
+ and the sputter 
beam was 1keV Cs+ with a beam current of 74.3 ± 0.1 nA. The sputter beam was rastered over 
300 x 300 micron area and the analysis beam scanned over a 70 x 70 micron area at the centre of 
the sputtered region.  Caesium forms positive and negative ion clusters with neutral species that 
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are sputtered from the surface. The signal level of CsM+ clusters are less matrix dependent than 
from M+ ions and are the ion species of choice, taking into account other factors such as peak 
intensity and peak overlaps. 
10.1.3 Results 
 
Figures 10.1show the positive ion depth profiles obtained.  
Compositionally, the two coatings appeared to be similar.  
The addition of hexylamine to the film-forming solution (Figure 10.1 (b)) has no visible effect on 
the nitrogen concentration. 
 
Figure 10.1: Positive ion depth profile for sample a) CdS:P3HT and b) CdS:P3HT:HA 1%. 
 
10.2 Photoluminescence Spectra 
 
Typical PL data obtained for CdS: P3HT without and with n-hexylamine are shown in 
Figure 10.2 as well as those for the corresponding pristine polymer P3HT. It is clear from the 
data presented here that the polymer emission is strongly quenched for CdS: P3HT without and 
with hexylamine blends. 
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Figure 10.2: Steady state emission spectra of a) pristine P3HT, and CdS:P3HT blend films both 
without and with (1% wt./vol.) alkylamine (hexylamine, butylamine, sec-butylamine, 
heptylamine, propylamine, isopropylamine, and tert-butylamine). 
 
10.3 XRD and Crystal Sizes 
 
The crystal diameter (L) of the CdS was estimated from the line broadening of the (110) 
diffraction peak using the Debye-Scherrer equation: 
   
  
     
 
 
where K is the shape factor, λ is the wavelength of the x-ray radiation, β is the FWHM of 
the (110) peak and θ the diffraction angle. Assuming spherical crystallites (and equal size for all 
nanoparticles) (K = 0.9), the corresponding crystal diameters obtained in this way are ~1.0, 2.5, 
2.8, 3.5 and 3.7 nm for 0%, 0.25%, 0.5%, 1% and 1.5% wt./vol. hexylamine concentrations 
respectively. Few examples one of the Gaussian curve fit for CdS/P3HT/HA1% shown in 
Figure 10.3. 
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Figure 10.3:  Gaussian fitting curve of CdS:PCDTBT without and with hexylamine ratio 1%, % 
wt./vol. blend film (to determine the full width at half maximum). 
 
10.4 Aerobic and Anaerobic TAS measurements 
 
The control experiments conducted under aerobic and anaerobic environments to find 
that the charge generation is due to polaron or triplet. The example below shows identical charge 
recombination data, suggesting that the transient absorption band is due to polymer polarons 
rather than triplets. 
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Figure 10.4: Transient absorption kinetics at the polaron peak for CdS: IFDTBT blends both 
without and with (1% wt./vol.) hexylamine processing additive in the film-forming solution. 
Excitation was at 567 nm at an energy of 21 ± 2 μJcm-2. The probe wavelengths were  940 nm. 
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CHAPTER 11 
Appendix 3: Supporting Information for Chapter 6 
 
11.1 Photoactive layer characterisation 
 
For Figure 6.7 (a) in chapter 6, laser excitation density = 12 µJ/cm2 (400nm), 13µJ/cm2 
(450nm), 10µJ/cm2 (510nm), 7µJ/cm2 (570nm), 6µJ/cm2 (620nm), and 3µJ/cm2 (650nm). Figure 
Figure 11.1 shows transient data exhibit a power-law (change in optical density         ) 
behaviour with an exponent α ≈ 0.4–0.5 in the micro to millisecond time interval. This is 
consistent with the presence of thermal trap states, as has been reported in polymer:PCBM [1-3], 
polymer:CdS [4], and perylene bisimide-arylamine based block copolymers [5]. 
 
Figure 11.1: Transient absorption decay kinetics (following photoexcitation at 567nm), obtained 
using a probe wavelength of 980 nm so as to monitor the recombination kinetics of P3HT+ 
polarons in Sb2S3:P3HT composite films. Data are presented on a log-log plot to highlight power 
law-shaped decay (red line,         ). 
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No transient absorption features are observed when exciting pristine P3HT and 
Sb2S3:polystyrene films in Figure 11.2. 
 
Figure 11.2: Transient absorption decay kinetics at the P3HT+ polaron peak (980 nm) for a/ a 
pristine P3HT film and b/ an Sb2S3:polystyrene blend following annealing under N2 at 160 °C for 
30 minutes. Excitation was at 567 nm at an energy of 21 ± 2 μJcm-2. 
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